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Les responsables d'une étude préliminaire de ia bio- 
dégradation du pétrole dans les eaux marines de l'Arctique 
se sont efforcés de quantifier et d'isoler des bactéries 
oléodégradantes dans les lacs des Esquimaux, T.N.-0O. Le 
procédé ewployé n'a pas permis de déterminer leur abondance 
dans ces lacs. On a cependant réussi 4 isoler des bactéries 
oléodégradantes dans les eaux marines au moyen d'une méthode 
d‘enrichissement. On a constaté, en laboratoire, que des 
cultures mixtes obtenues grace 4 cette méthode dégradaient 
dans une certaine mesure trois bruts différents, dont un 
de Norman Wells a4 une température d'a peine 2°C. Les essais 
n'ont pas porté sur des températures inférieures. Selon 
une expérience préliminaire, il semblerait que les concen- 
trations de phosphore et d'azote des eaux marines ne cons- 
Ercuent past un, facteur Limitatit de lavdécradationsa basse 
température, mais des études complémentaires sont nécessai- 
res dans ce domaine. 


Particer Li 


On ne sait que peu de choses des conséquences biolo- 
giques 4 court ou a long terme de la pollution par les 
hydrocarbures sur les populations d'organismes marins dans 
1 Aretique. Se basant sur les recherches trés poussées 
effectuées dans les régions tempérées, on avait prédit que 
ses effets seraient particuliérement graves sur les 
écosystémes de l'Arctique, en particulier du point de vue 
de leur rythme de récupération aprés qu'ils aient subi 
des dommages. La présente étude passe en revue les nom- 
breux textes traitant des effets du pétrole.sur les 
invertébrés marins pris dans leur ensemble, afin de pré- 
ciser l'ampleur potentielle et la nature des risques que 
presente» le) petrole pour la vie marine et de mieux evsituer 
wi Setude dans; sonecontexte. 


Cette vctude! ar,été,concue pour rassembleny des yrencer — 
gnements sur les interactions nocives possibles entre 
certains des invertébrés marins dominant dans les eaux 
ec6tiéres peu profondes voisines du Delta du MacKenzie et 
ielpetrotle brut de 1‘Aretique., Deux echantillens de ce 
dernier ont été utilisées, l'un de Norman Wells et l'autre 
du puits d'Atkinson, sur la péninsule Tuktoyaktuk adja- 
cente 32 la zone d'étude. A des fins de comparaison, ona 
également utilisé pour certaines expériences un échantillon 
de brut vénézuélien obtenu récemment (pétrole qui a fait 
l'objet d'études considérables en ce quivconcerne ses 4éf- 


fets biologiques). 


Le brut peut causer des dommages directs aux organismes 
de deux maniéres distinctes. Certains de ses composants 
peuvent endommager les tissus par une action chimique sur 
la structure ou le fonctionnement des cellules. D'un autre 
eotée, du faitvde*sa viscosite éelevee,, Eevpetrole peur 
endommager physiquement les organismes en mettant obstacle 
aA leurs facultés de locomotion, d'alimentation, de respi- 
ration, etc. Les travaux exposes ici portent sur ces déux 
types de dommages. 


Un certain nombre d'espéces ont fait l'objet d'une 
étude de la toxicité 4 court terme congue pour déterminer 
les dommages chimiques provoqués par certains composants 
du pétrole solubles dans l'eau de mer. Les formes adultes 
de crustacés benthiques examinées (un amphipode et un 
cumacé) se sont révélées plutdt tolérantes 4 de fortes con- 
centrations de pétrole dans l'eau de mer. Un bibalve 
benthique s'est également révélé trés tolérant, bien qu'il 
manifeste initialement une réaction de fuite dont l'am- 
plitude et la durée sont directement fonction de la 
concentration en pétrole. Un organisme benthique tuniqué 
s'est révélé trés sensible au pétrole et a succombé 4 
des concentrations modérées. Les recherches n'ont porté 
que sur une espéce planctonique. Cette petite méduse, 
localement abondante, s'est révélée trés sensible a des 
concentrations plut6t faibles de pétrole dans l'eau de 
mer et, de ce fait, la moins tolérante de toutes les es- 
péces examinées. 


Il est important de noter que ces résultats sont 
basés sur des études de l'effet létal 4A court terme et 
que méme les espéces classées ici comme tolérantes au 
pétrole brut peuvent trés bien souffrir et finalement suc- 
comber si la période d'exposition est plus longue. Pour 
cette raison, il est nécessaire de définir des critéres 
physiologiques plus sensibles afin de déterminer les 
effets délétéres sub-létaux. L'activité métabolique est 
un indicateur sensible de l'état physiologique général 
d'un organisme. Les chercheurs ont étudié les effets 
d'une exposition 4 court terme aux composants du brut de 
l'Aretique solublés’dans l'eau de mer sur "le métabolisme 
de l'amphipose Qnisimus affinis. Le brut d'Atkinson Point 
et celui de Norman Wells n'ont pas eu d'effets significa- 
tifs sur la respiration a des concentrations faibles ou 
modérées. Celui d'Atkinson Point augmente la respiration 
dé. 252° a-une concentration de’l,000 millioniémes, ettde 
302 4 5,000 millioniémes. Celui de Norman Wells 1'aug- 
mente respectivement de 25% et de 38%. Selon certaines 
indications, avec des concentrations encore plus élevées 
de ces deux bruts, cette activité commence 4 diminuer. 
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Il semble que des formes benthiques adultes telles que 
Onisimus ne subissent pas d'effets toxiques directs dus 
aux composants du pétrole brut solubles dans l'eau de mer 
aux concentrations les plus courantes dans le milieu naturel. 
Les effets physiques résultant d'un contact direct avec 
des quantités massives de pétrole seraient sans doute beau- 
coup plus dommageables. Cela est particuliérement vrai 
pour les espéces qui, telles Onisimus, bien que normalement 
benthiques, se concentrent en grands nombres au voisinage 
de la face interne de la glace au cours de l'hiver. C'est 
en effet a cet endroit que s'accumuleront probablement des 
poches de pétrole. Une série d'expériences ont été effec- 
tuées pour déterminer les facultés de récupération d'Oni- 
simus replacé dans l'eau de mer propre aprés une bréve 
immersion dans plusieurs bruts. La mortalité augmente 
progressivement avec le temps et "la vitalité" des animaux 
(mesurée quantitativement par un indice d'activité) diminue 
progressivement. Quatre semaines aprés l'exposition, moins 
de 20% des animaux sont capables de nager, la plupart du 
temps d'une maniére erratique et anormale. Trés peu de 
ces animaux, pour ne pas dire aucun, ont semblé s'en remet- 
tre complétement. 


rd 

Etant donné le fait que le contact physique avec du 
pétrole brut peut présenter les plus grands risques poten- 
tiels pour certaines espéces, il est nécessaire de déter- 
miner la réponse é@thologique des organismes marins aux 
masses de pétrole présentes dans leur voisinage immédiat. 
Afin de permettre les comparaisons, nous avons défini un 
coefficient d'affinité qui indique le degré d'attraction 
ou de répulsion d'une espéce donnée 4 un brut particulier. 
Sur ‘les trois’ crustacés de l'Arctique @tudiés, "deux 
amphipodes manifestent une réaction de fuite significative 
vis-a-vis des masses de pétrole, le type de ce dernier 
influant de facon marquée sur l'intensité de cette reaction. 
L'isopode Mesidotea a semblé trés indifférent a la présen- 
te de brut d'Atkinson Point ou de Vénézuéla. En régle 
eenerale, les bruts de 1*Aretique ‘se sont révélés moins 
répulsifs que celui du Vénézuéla. 


Selon les premiéres indications, les adultes d'un 
certain nombre d'espéces benthiques sont plut6ot tolérants 
a une exposition 4 court, terme 4 des concentrations modé- 
rées de pétrole brut. Etant donné qu'il n'existe pas de 
populations littorales dans la plupart des régions de 
l'Arctique du fait du décapage opéré par la lace, be 
pétrole se déposant sur les plages n'y provoque pas les 
mortalités massives par étouffement si fréquentes dans 
les régions tempérées. Parmi les espéces les plus suscep- 
tibles d'étre gravement endommagées dans les cas d'une 


fulte, de petrolte, figurent les formes! planctonitquesy et eles 
espéces benthiques qui migrent vers la face interne de la 
glace en hiver.. Le risque potentiel. le plus important 
intervient en effet dans ce cas, lorsque les animaux entrent 
en. Gomutact avec. le. brut. «On a cependant, constapemqde 
ecertaines especes Gvitent de, facon active ces ftuitespde 
petrole. ba réaction, de. fuite varie 4 1a foiswavecu ly eo- 
pece animale et avec le type de petrole., -Les»auteuts 
passent en revue les autres effets nocifs possibles de la 
pollution petroliére sur les populations d'invertébrés 
marins de l'Arctique, afin d‘illustrer l'ampleur du pro 
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bléme qui reste a traiter. 
Partie 1 iL 


a) 


Un voyage d'étude de 12 jours a été entrepris dans le 
sud de,laegmer de Beaufort, fin juillet 1973364 bordedu 
"North. Star. of Herschel Island”. 1) 4+6té dmpasstbhlevd.ee 
teindre plus de la moitié des postes d'échantillonnage, 
étant donné que la mer était recouverte de glaces a 25 
milles du rivage le long de la plupart des c6tes. Par 
conséquent, seules les eaux littorales ont été échantillon- 
nées. 


La répartition de la température et de la salinité 
dans le sud de la mer de Beaufort s'est révélée typique 
des conditions caractérisant les eaux du large des grands 
estuaires. Une masse d'eau relativement tiéde, de faible 
salinite, s"etend 4a partir de 1l'embouchure du fleuve. en 
dessus d'une couche d'eau plus froide et plus salée. Les 
composés phosphate-phosphore, nitrate-azote et silicate- 
silice, qui se sont révélés les plus abondants dans les 
eaux de surface voisines de l'embouchure, sont manifeste- 
ment amenés 4 la mer de Beaufort par le fleuve Mackenzie. 
Les données relatives 4 l'oxygéne et 4 la chlorophylle 
indiquent un rythme de production primaire littorale faible. 
On peut en conclure que le manque de lumiére nécessaire 
a la photosynthése, di 4 la turbidité importante provenant 
des eaux du fleuve, constitue probablement le facteur 
limitant le plus important de la production dans les eaux 
itttorales riches “en nutraiments-. 


Au moins 45 espéces de zooplanctons ont été trouvées 
dans le sud de la mer de Beaufort. Leur nombre pourrait 
faive croine ja une) diyersivte faunique plus. grande auvellc 
ne Lest en réealtce dans la umajeure partic dela nection, 
On n'en a trouvé en effet que 13 espéces a4 75% des postes, 
tandis que les deux postes qui comptaient la plus grande 
diversité en avaient 36. I1 semble également que les 


stations a faible diversité, relativement nombreuses, com- 
poptaLient) une biomasse)-rédudite - Elles se situaient dans 
la région ot l'influence du Mackenzie s'est révélée maxima- 
le au cours de la derniére semaine de juillet LOVES. Ces 
quelques espéces trouvées (les crustacés Cyclops, Limnoca- 
lanus, Eurytemora, Mysis et quelques autres) étant carac- 
téristiques des eaux douces modérémment saumatres. Quel- 
ques-unes de ces espéces provenaient probablement direc- 
tement du fleuve, survivant au moins pendant un certain 
temps dans les eaux de surface a faible salinité. ta 
présence en fin de juillet, plus prés de l'embouchure, de 
copepodes a4 différents stades évolutifs laisse 4 penser 
que d'autres espéces peuvent ne pas s'étre développées 
dans les eaux ou elles ont été recueillies. Selon plu- 
sieurs indications, Je taux de production de zooplanctons 
immédiatement au large de l'embouchure du fleuve est 

Eves saiple. Plus au Darge encore, fa divyersive: des 
espéces s'est révélée plus grande, 1a ott les eaux de 
iMestuaine Gont associees a dés eaux océaniques: et sou 
Il'influence du fleuve est probablement insignifiante. 

La jeunesse des stades é@volutifs des crustacés et l'in- 
portance apparemment plus grande de la biomasse indiquent 
un taux de production de zooplancton plus é@levé que celui 
qui peut intervenir plus prés des eaux douces. 


G'équilibre entre nutriments, plancton vegetal et 
Dlancton animal est precaire dans Laiplus grande, partie 
du sud de la mer de Beaufort et dépend du coefficient 
de mélange des eaux du fleuve ainsi que des influences 
dewcelles du large. Ll influence du fleuve west, ay tatoos 
importante et variable. Il ne semble pas que des modi- 
fications dépassant les variations annuelles actuelles 
du débit et des teneurs du fleuve puissent modifier 
quantitativement et qualitativement sur une surface im- 
Dortcante la flore et la faune planctoniques du sudiide ota 
mer de Beaufort, immédiatement au large du delta du 
Mackenzie. 


Pantie, Lit 


b) 


Des échantillonnages microbiologiques ont été recueil- 
iis au cours d'une tournee d'etude eftectuee dans Le sud de 
la mer de Beaufort en 1973. Un comptage cur total dee 
organismes viables dans des milieux de culture 4a base d'eau 
Heiner et dteau douce a ete realise, atin sds Obteni tounge 
estimation de la répartition et de 1'abondance des bac- 
téries hétérotrophiques dans les eaux échantillonnées. 
a constaté que le Mackenzie déversait dans la mer de 


On 


Beaufort une biomasse importante de bactéries d'eau douce, 
mais que cette biomasse se dispersait dans les eaux ma- 
rines. L'abondance des bactéries marines trouvées dans 
les régions @chantillonnées était relativement uniforme. 
Selon une étude provisoire, cette flore est semblable 4a 
celle des lacs des Esquimaux. 
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SUMMARY 


In an initial study of biodegradation of petro- 
leum in Arctic marine waters, efforts were made to quan- 
titate and isolate oil-degrading or oleoclastic bacteria 
in the Eskimo Lakes, N.W.T. The abundance of this flora 
in the Eskimo Lakes could not be ascertained with the 
procedure employed. Marine oleoclastic bacteria were, 
however, isolated by means of an enrichment procedure. 
In laboratory studies, mixed cultures obtained with the 
enrichment procedure were found to degrade three petro- 
leum crudes to some extent. Norman Wells crude was 
degraded at temperatures as low as 2.0°C. Lower temper- 
atures were not evaluated. A preliminary experiment 
suggested that phosphorus and nitrogen concentrations 
in seawater might not be limiting for degradation at 
low temperatures, but further studies are required. 


INT RODUCTI ON 


"Of all of the scientific and technological 
problems associated with sea pollution the 
most important is the capacity of the oceans 
for the biochemical degradation of wastes. 
Until this is better understood, pollution 
abatement planning cannot be SClentitvcally 
undertaken, nor in the judgment.of the author, 
will sea pollution by oil be brought under 
control Jeb. Moss: (C1:95715) 


The ability of microorganisms to degrade 
hydrocarbons and fractions of crude petroleum has been 
wellydocumented over the last thirty years. The first 
comprehensive review of the subject was prepared by 
ZoBell in 1946. Much information has been gained in 
studies of biodegradation of petroleum in the marine 
environment, and recent reports have speculated on the 
possibility of similar biodegrading processes in the 
Arctic ecosystem. 


This interest has resulted from the ever- 
expanding exploration for oil and gas in the Canadian 
and American Arctic. Off-shore drilling as well as 
the possible translocation of discovered oil by tanker 
or pipeline present the probability of spillage in the 
Arctic marine environment. 


Difficulties encountered with techniques, 
facilities and transportation have resulted in the 
neglect of the microbiology of Arctic marine waters 
in the past. This study was possible because of the 
unique facilities and logistical resources of the 
Arctic Biological Station in the Western Canadian 
Arctic. The study was initiated to assess the possi- 
bility of petroleum biodegradation in Arctic marine 
waters by an indigenous microbial flora as a part of 
a long-term study of Arctic marine ecology presently 
being conducted by this station. 


This initial report deals with the results 
of work begun in July, 1973, within the framework of 
the following objectives: 


a) quantitation of the bacterial populations in 


marine waters which were capable of degrading 
petroleum; 


6b) asolation and characterization of o1tl-degrading 
or oleoclastic bacteria; 


c) determination of the capability of mixed and 
pure cultures of oleoclastic cells to degrade 
various crude petroleums at different temper- 
acures; 


ad) determination of limiting factors such as 
nitrogen and phosphorus in the biodegradation 
of petroleum. 


METHODS AND SOURCES OF DATA 


i. “Total Viable Counts” o£) Heterotropns 


(a) Eskimo Lakes 


Water samples from various depths at Station 
508 (see Figure 1) were collected aseptically with Niskin 
SS 1.5 sterile bag-samplers from a freighter canoe or 
float-plane prior to disturbances of the water column 
by other oceanographic samplings. Water samples col- 
lected in this manner were aseptically transferred to 
cold, sterile polypropylene bottles (one litre) and 
flown -to .Laboratory <bacilaties in .Inuvik, owen 
a chilled condition, where they were processed within 
four hours of collection from the water column. To 
enhance the multiplication and colony formation of 
marine bacteria, ZoBell Marine Broth 2216E (Difco), 
containing a formulation of seawater salts, was dis- 
solved in deionized water and solidified with 1.23 
Bacto-agar (Difco). A spin-plate technique was employed 
to dispense an aliquot of water sample with a cold 
pipette on the surface of a cold agar plate which was 
then placed in a 5.0°C incubator. Upon absorption of 
the aliquot of water by the agar medium, the plate was 
inverted and incubation was continued at 5.00C for three 
weeks. Quadruplicate spin-plates were made of each 
water sample. After incubation, the plates were examined 
and those with an uneven distribution of colonies were 
discarded. The colonies of three plates of a replicate 


set were enumerated, averaged, and the mean value was 
expressed as the log number of colony-forming units 
(C.F.U.) per one litre of water sample. 


(b) South Beaufort Sea 


Microbiological samplings were conducted 
during a cruise on the South Beaufort Sea in July, 
M773 (see Part Three in this series of reports). ‘The 
procedures described in the previous section were 
employed to collect and process samples aboard the 
wescei, NOLL star Of wNerscne.: Island: 


2. Membrane Filter Enumeration of Oleoclastic 
Heterotrophs 


At the same time ZoBell spin-plates were being 
inoculated, 50.0 and 100.0 ml aliquots of Eskimo Lakes 
water samples were filtered through sterile 0.45 uw (47 
mm dia.) membrane filters contained in sterile, cold 
Sterifills (Millipore Corp.). Replicate filters were 
placed on the cold agar surface of carbon-free artifi- 
cial seawater plate media (Instant Ocean) with and 
without 1.0% weathered, emulsified Norman Wells crude. 
Filters placed on ZoBell plate media served as controls. 
Plates were inverted and incubated at 5.0°C until colo- 
nies developed on the filters. 


3. O11 Enrichment Broths 


Five hundred ml aliquots of Eskimo Lakes water 
samples were filtered in the manner described above 
and the filters were transferred to acid-washed, sterile, 
500 ml Erlenmeyer flasks containing 100.0 ml of Eskimo 
Lakes water supplemented with 1.0 gm NH4NO3, 0.5 gm 
K2HPO4, 7.69 gm Trizma (Sigma Chemical Co.) and 10.0 ml 
weathered Norman Wells crude per litre. Final pH at 
5.0°C was 7.80. Cultures were agitated on a gyratory 
shaker at 200.0 rpm in a 5.0°C incubator until visible 
emulsification occurred after about four weeks. Cul- 
tures were then transferred in a chilled condition to 
the Arctic Biological Station, Ste. Anne de Bellevue, 
Québec. 


4, Petroleum Degradation Experiments 


(a) Media 


For viable count determinations, ZoBell marine 
agar was employed (see before). An oil-seawater broth 
was employed for the maintenance of cultures and all 
experiments. Half-strength artificial seawater (sali- 
nity ca. 17%) was prepared by dissolving a commercial 
sea salt mixture (Instant Ocean) in distilled water. 

The half-strength seawater was supplement with 1.0 gm 
NHA{NO3, 0.5 gm K5oHPO4 and 7.69 gms Trizma per Mitre 
unless otherwise indicated, dispensed in 400 ml aliquots 
in 1.0 1 Erlenmeyer flasks and autoclaved. After cooling, 
the medium was supplemented with 0.4 ml of a filter- 
sterilized, weathered crude oil. Final pH at 5.0°C was 
7.80. Crude petroleums used in these experiments were 
weathered under a forced air draft for ten days in 150 
mm glass petri dishes. After weathering, residual 
crudes were filter-sterilized with 0.45 u membrane 
filters (Millipore) and stored at 5.09C in glass vials 
with teflon-lined caps until required. 


N.B. All glassware used in these experiments was 
acid-washed with chromic acid and carefully 
rinsed with distilled water. 


(b) Inocula 


One of the enriched oil cultures obtained 
from the Eskimo Lakes was used in all experiments. The 
mixed culture was maintained by subculturing into fresh 
oil-seawater broth, and incubating at 5.0°C on a gyra- 
tory shaker at 200 rpm. Four ml of a six-day culture 
were employed as an inoculum for experiments. 


(coc) Vilaple Counts 


In an experiment, viable counts of all cul- 
tures were determined. A one ml aliquot of a culture 
was serially diluted to 107-7 in ten-fold dilutions. 

A spin-plate technique was employed to inoculate 0.1 

mie .ot each da lutiion on triplicate vpletes.0f ZoBpelL 
Marine Agar. Plates were incubated at 15°C for five 
days and the plates prepared from one dilution were 
chosen for enumeration. Plates of a replicate set were 
enumerated, averaged, and the mean value was expressed 


as the log number of colony-forming units (CEU 2) per 
ohne ml of fculsture . 


(d) Extraction of Residual Petroleum from Cultures 
SeeiyAppend1 x, INGO. 1. 
(e) Gas Chromatographic Analysis of Extracted Petroleum 


SGe Appendix, NO. 2. 


RESULTS 
1. Total Viable Counts in the Sampled Areas 


In a recent cruise on the South Beaufort Sea 
duvang daly, 1973. (see> report 3 in this series), the 
total viable counts of marine heterotrophic bacteria 
were determined at stations occupied (Figure 1). “fhe 
abundance of heterotrophs was found to be similar to 
or in excess of counts obtained at a more intensively 
sampled station (508) in the Eskimo Lakes during the 
Same period. Values of 10© to 107 counts per litre 
of waters in these areas compare favourably with values 
reported by investigations of estuaries and offshore 
areas along the New England coast (Kaneko and Colwell, 
To7 3s oteburth, 1967; Atlas and Bartha, 1972a)2° In 
drawing such comparisons, however, varying methods of 
sampling and cultivation must be considered. 


In the Eskimo Lakes, an inlet of the Beaufort 
Sea, seasonal samplings on open water and through the 
winter ice have demonstrated that the total viable 
count of marine heterotrophs varies by about two orders 
of magnitude across the year (Figure 2). Counts obtained 
by Incubation Of plates at 5.0° and 15.0°C’ suggest, that 
a large population of obligately psychrophilic hetero- 
trophs is present. Characterization of representative 
isolates taken from cultured plates at various times 
of the year reveal that the majority of isolates from 
plates incubated at 5°C fail to grow above 20.0°C and 
have a temperature optimum for growth and multiplication 
at 10.0 to 15.0°C. These heterotrophs are considered 
to be obligately psychrophilic. Isolates from plates 
incubated at 15.0°C have been characterized as obligate 
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psychrophiles as well as psychrotolerant cells which 
fain toemultiply above 30270 eo 35,00. 


2. Estimation of Oleoclastic Heterotrophs in the 
Eskimo Lakes 


Attempts to enumerate an oleoclastic popula- 
tion in the Eskimo Lakes were without success. Large 
numbers of colonies grew on the membrane filters in the 
presence or absence of oil in the carbon-free medium. 
Although membrane filtration of seawater concentrated 
heterotrophs on the filter, it also resulted in the 
concentration of micro-detritus. Heterotrophs unable 
to use the petroleum supplemented in the medium as a 
sole carbon source for multiplication were probably 
able to utilize the concentrated detritus as a carbon 
source. The abundance of oleoclastic heterotrophs in 
the Eskimo Lakes is considered to be too low to make 
use of a "most probable number" technique. At this 
moment, a method of enumeration for these organisms 
remains to be devised. 


3. .OL Enrichment Cultures 


Visible emulsification was observed in the 
enrichment cultures after four weeks of incubation at 
50°C Swith continuous agitation. It as important ‘to 
remember that the inoculum for the 100 ml oil enrichment 
broths consisted of bacteria concentrated from 500 ml 
of Eskimo Lakes water from Station 508 on a membrane 
filter. The long lag before visible emulsification was 
indicative of the paucity of oleoclastic heterotrophs 
in the 500 ml seawater sample. One enriched culture 
was subcultured three times at monthly intervals into 
a fresh oil-seawater broth and in December, 1973, the 
mixed culture of oleoclastic bacteria obtained by the 
enrichment procedure was employed as the inoculum for 
subsequent experiments described in this report. 


4. Degradation of Norman Wells Crude by a Mixed 


Culture at Defined Temperatures 


It had been anticipated that obligately psy- 
chrophilic organisms would be found in the mixed culture 
because of the low temperature isolation procedure. 
Preliminary data, however, indicate that the eight 


bacterial types in this culture are all psychrotolerant. 


To demonstrate the effect of temperature on 
the degradation of Norman Wells crude by the mixed cul- 
ture, identical oil-seawater broths with and without 
inocula were incubated at 2, 5, 10 and 150°C. Replicate 
cultures and oil controls at the four temperatures were 
removed at intervals and their residual oils were ex- 
tracted. Relative losses in the aliphatic fraction 
were calculated by measuring the area under the GC pro- 
Mel cmpeakswot whe I4Ce WC 6G OC mei Cre ele andgEol° 
saturated hydrocarbons with a planimeter. Peaks were 
identified by comparison with known standards. These 
well-defined peaks were considered to be representative 
Ofeene total profile set the aliphatie traction sa tcer 
weathering and errors introduced by measuring poorly- 
defined peaks were avoided. The values of the summed 
peak areas were expressed as a percentage of the values 
obtained from the profiles of oil-control vessels incu- 
bated in an identical fashion but with inocula deleted. 
The results are seen in Figure 3. A continuous increase 
in the rate of degradation was observed with increasing 
Eemperature up to and’ including 20.0°C (datarnot. reported). 
At 2.0°C, a noticeable lag occurred before degradation 
commenced, but no appreciable lag was observed at the 
higher temperatures. Four of the GC profiles employed 
in the construction of the 15°C curve (Figure 3) are 
seen in Figure 4. 


5. Response of a Mixed Culture to Several Crudes 


Petroleum crude is a complex mixture of many 
hydrocarbons and crudes from different geographical 
regions vary) in Composition. For this reason, tie 
response Of an oil-degrading culture to difterene crudes 
may vary, depending on the types and concentrations of 
hydrocarbon substrates available for oxidation. For 
this experiment, two indigenous northern crudes, from 
Norman Wells, N.W.T. and Atkinson Point on the Tuktoyaktuk 
Peninsula, N.W.T., were obtained from Imperial Oil Ltd. 
(Calgary). Pembina crude from Northern Alberta was 
obtained through the Freshwater Institute (Winnipeg). 

GC profiles of these oils are shown in Figure 5. 


Analysis of residual petroleum after incubation 
of the three oils at 15°C with the mixed culture for 
various periods demonstrated a reduction in the aliphatic 
profiles of the Norman Wells and Pembina crudes (Figure 6). 
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Figure 4. GC Profiles of residual petroleum extracted from four cultures 
incubated at 15°C for various intervals. Carbon numbers (nC) indicate peaks 
of several saturated hydrocarbons. Values calculated from these profiles 
were employed in the construction of the 15.0°C curve in Figure 3. 
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Figure 5. GC Profiles of the three weathered crudes used in these 


experiments. Carbon numbers (nC) indicate peaks of several saturated 
hydrocarbons. 
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Figure 6. Degradation of weathered Norman Wells and Pembina crudes by a 
mixed culture at 15°C. See legend to Figure 3. 


The degradation of Atkinson Point crude, a petroleum 

low in aliphatic content, could not be evaluated with 

our procedure. A degree of mineralization of all three 
oils, however, was indicated by a preliminary gravimetric 
procedure. Viable counts taken before extraction of 

each culture demonstrated an increase in biomass parallel 
to the rate of loss of the aliphatic fractions of Norman 
Wells and Pembina crudes (Figure 7). A low concentration 
of aliphatic substrate in the Atkinson Point crude may 
have resulted in the lower biomass of this oil culture 
compared to those observed with the other oil cultures 

at the end of the experiment. The increase in count of 
the Atkinson Point culture, however, suggested a degree 
of utilization of this oil. In the absence of a carbon 
source, the oil-free control culture did not show an 
increase in count. 


6. Effect of Deletion of Nutrient Supplements from the 
Oil-Seawater Medium on Degradation by a Mixed Culture 


In the isolation and cultivation of the mixed 
culture, NH,NO, and K5HPO4 were routinely supplemented 
in the oil-artificial seawater medium. To determine 
the effectiveness of these supplements, degradation 
of Norman Wells crude at 15°C in cultures supplemented 
with NH4NO3 Or K4HPO, or both were compared to degradation 
= 9 ee Genes cultures. ‘Cultures and o1l controls 
were removed at intervals and the residual petroleum 
of each was extracted and assayed. The results were 
seen in Figure 8. A similar degree of degradation was 
found in the presence or absence of NH4NO3 and KjHPO, 
but, inexplicably, less degradation of the aliphatic 
fraction was observed where KjHPO4 was present and 
NH4NO3 absent. The increase in viable count in all 
cultures paralleled the loss of the aliphatic fraction 
(Figure 9). The results suggest that phosphorus and 
nitrogen may not be limiting in the artificial seawater 
medium and supplements may not be required in order for 
degradation of Norman Wells crude by the mixed culture 
to proceed at 15°C. However, phosphorus and nitrogen 
requirements for degradation of petroleum by pure cul- 
tures selected from the mixed culture remain to be 
determined in a simplified, defined seawater medium. 
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Figure 7. Increase in viable counts of 0il and control cultures during degradation 
of weathered Norman Wells and Pembina crudes by a mixed culture at 15°C. Values of 
extracted petroleum from these cultures are plotted in Figure 6. Viable counts are 
expressed as log colony-forming units (C.F.U.) per 1.0 ml of culture and are plotted 
against incubation interval when sampled. 
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Figure 8. Degradation of weathered Norman Wells crude by a mixed culture 
at 15°C in the presence or absence of phosphorus and nitrogen supplements. 
see legend. to Figure-3. ASW refers to the artificial seawater medium. 
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Figure 9. Increase in viable counts of 011 and control cultures during 
degradation of weathered Norman Wells crude by a mixed culture at 15°C in 

the presence or absence of phosphorus and nitrogen supplements. Values of 
extracted petroleum from these cultures are plotted in Figure 8. Viable 
counts are éxpressed as log colony-forming units (C.F.U.) per 1.0 ml of 
culture and are plotted against incubation interval when sampled. ASW refers 


to the artificial seawater medium. 


DISCUSSION 


In recent years, much attention has been given 
to the fate of petroleum and petroleum products in va- 
rious ecosystems. Biodegradation of these substances 
by indigenous microorganisms has been demonstrated in 
many cases. Petroleum biodegradation in the marine 
environment has been shown by a number of laboratory 
and field studies and these investigations have empha- 
sized the importance of such environmental parameters 
as temperature, oxygen concentration and nutrient supply 
in determining the rate of biodegradation. After ex- 
periments with winter samples of the indigenous marine 
flora of the New Jersey coastline, Atlas and Bartha 
(1972a) have suggested that the biodegradation of petro- 
leum in marine waters will be appreciably reduced at 
low temperatures. In an Arctic marine ecosystem, how- 
ever, where low temperatures are prevalent throughout 
the year, the response of an indigenous flora of bac- 
terial heterotrophs to the presence of petroleum would 
be dependent on the abundance and diversity of this 
flora and above all, its metabolic activity at low 
temperatures. 


Although attempts to enumerate the oil- 
degrading or oleoclastic heterotrophs in the Eskimo 
Lakes last summer were unsuccessful, their isolation 
was accomplished by an enrichment procedure. The 
marine bacteria isolated in this manner degraded petro- 
leum at temperatures as low as 2.0°C, but optimum growth 
and multiplication of the individual components of the 
Mixed culture occurred at 20.0 to 25,09C in an organic 
medium (data not presented) and indicated that the 
isolates were psychrotolerant rather than obligately 
PSVChropnitic. 


The initial experiments reported here were 
designed to demonstrate the biodegradation of several 
crudes at various temperatures by the mixed psychro- 
tolerant culture. The measurement of the relative 
loss of the aliphatic fraction was employed as the main 
criterion of microbial modification of the crudes. 
Berridge et al. (1968) have summarized the chemical 
and physical characteristics of various crudes and 
emphasized their dissimilarities. The compositional 
differences of the three crudes employed in the present 
study were demonstrated by preliminary gravimetric 
determinations and the response of the mixed culture 


to each crude. Similar viable counts were obtained 
during the degradation of Norman Wells and Pembina 
crudes and similar rates of loss of the aliphatic 
fractions were observed. Residual weights of the oils 
after degradation, however, suggested that the Pembina 
crude was less susceptible to microbial degradation. 

On the other hand, Atkinson Point oil, low in aliphatic 
content, supported multiplication of the mixed culture 
to some extent, but degradation could not be assessed 
by gas chromatography. These initial results indicate 
that in addition to the present procedures, gravimetric 
determinations are required to quantitate the minerali- 
zation of various petroleums in the culture vessels. 


Various reports in the literature have noted 
that oil-enriched cultures must be supplemented with 
nitrogen and phosphorus. Bartha and Atlas (1972b) 
found nitrogen and phosphorus in seawater to be 
severely limiting to the process of oil degradation. 

On the other hand, Kinney et al. (1969) reported that 

the concentrations of these nutrients in seawater were 
not limiting at lower temperatures due to the reduced 
requirements of a slower rate of biodegradation. When 
the nutrient supplements were deleted from the artificial 
seawater used in the present study, the rate of biode- 
gradation did not appear to be affected in one instance, 
but the results require further substantiation. Further 
studies are required with a simplified, defined seawater 
medium to assess the relevance of nutrient supplements. 


The rapid degradation of the aliphatic frac- 
tions of Norman Wells and Pembina crudes by the mixed 
culture does not reflect in situ activity. sin natural 
waters, the lag before biodegradation would be deter- 
mined by the abundance of oleoclastic heterotrophs and 
their degree of activity at low temperatures. 


Robertson et al. (1973) reported that plate 
enumerations did not reveal any oleoclastic heterotrophs 
in estuarine areas of the Colville River near Point 
Barrow, Alaska. However, ZoBell (1972) has determined 
that obligately psychrophilic floras in oii-soaked 
tundra muck and oil-contaminated waters from the same 
region of Alaska degraded petroleum. Samplings of the 
obligately psychrophilic marine population of the Eskimo 
Lakes are being continued to isolate oleoclastic bacteria. 
These efforts may be hindered by the possibly low abun- 
dance of these cells in an ecosystem which has remained 
free of petroleum contamination. 


CONCLUSIONS 


Ls A marine flora of heterotrophic bacteria has 
been established to exist at a relatively uniform level 
of abundance in the sampled areas of the South Beaufort 
Sea and the Eskimo lakes. 


eae A population of oleoclastic cells exists 
within the heterotrophic marine flora of the Eskimo 
Lakes but the level of abundance of these cells may 
be too low to be assessed quantitatively. 


Sie Psychrotolerant cells isolated from the Eskimo 
Lakes by an enrichment procedure are capable of degra- 
ding weathered Norman Wells crude at temperatures as 

low as 2.0°C. Degradation at lower temperatures was 

not evaluated. 


4, Isolated cultures are capable of utilizing 
Norman Wells, Atkinson Point and Pembina weathered crudes 
for growth and multiplication. In each instance, micro- 
bial modification of the crude was observed. 


oe Phosphorus and nitrogen at the concentrations 
found in seawater may not be limiting for biodegradation 
to proceed at low temperatures. This conclusion, how- 
ever, is tentative and subject to the completion of 

the study. 


6 An oleoclastic potential probably exists in 
the Eskimo Lakes, and by implication, in the South 
Beaufort Sea, but in situ rates of biodegradation of 
petroleum cannot be estimated at this time. 


IMPLICATIONS AND RECOMMENDATIONS 


The results of preliminary field and labora- 
tory studies tend to suggest the possibility of biolo- 
gical degradation of petroleum in Arctic marine waters 
but further studies are required. The persistence of 
petroleum in the Arctic marine ecosystem cannot be 
ascertained at this time. However, some microbial 
modification of weathered, residual petroleum might 
be expected. 


NEEDS FOR FURTHER STUDY 


To increase knowledge of biological degrada- 
tion of petroleum in the Beaufort Sea - Eskimo Lakes 
ecosystems, further studies are required to: 


1. quantitate the abundance of oleoclastic heterotrophs; 


2. determine the minimum and optimum temperatures for 
biological degradation by various heterotrophic 
isolates; 

3. determine concentrations at which phosphorus and 


nitrogen become limiting for biodegradation under 
defined conditions; 


4. devise procedures for measuring the in situ rate 
of biodegradation in the Arctic marine ecosystem. 


By te ale 
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APPENDIX 


l. Extraction of Residual Petroleum from Cultures 


Extraction of residual petroleum from culture 
vessels was accomplished with three 20 ml aliquots of 
n-pentane in a 500 ml separatory funnel. The n-pentane- 
oil partitioned above the aqueous layer was removed 
each time with a pipette. The combined fractions were 
added to a tared 100 ml beaker and evaporated to dryness 
at room temperature. When no further weight loss was 
noted, the weight of oil was recorded and a 40.0 ug/ul 
solution of the oil was prepared with n-hexane. This 
solution was stored in teflon-capped glass vials until 
analysed. 


2. Gas Chromatographic Analysis of Extracted Petroleum 


A Hewlett-Packard model 5711A gas chromato- 
graph was used for analysis of the oil samples. A 5.0 
ul sample of the extract-hexane solution was injected 
Into a 10.0 .foot stainless steel column (0.125 in O20.) 
packed with 3.0% OV-1l on 100-120 mesh Chromasorb P 
(Chromatographic Specialties Ltd.). Dual flame ioniza- 
tion detectors were supplied with an air-flow rate of 
240 ml/min at 24 psi and a hydrogen-flow rate of 30 ml/min 
at 14 psi. Nitrogen carrier gas was regulated to 20 ml/min 
at 60 psi. Oven temperature was programmed for an ini- 
tial temperature of 70.0°C and increased at a rate of 
8.0°/min to 320.0°C where it was held for eight minutes. 
The readout, attenuated X160, was made on a single-pen 
Fisher recorder with chart-speed adjusted to 0.5 in/min. 
Peak areas were calculated with a planimeter. 
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SUMMARY 


Little is known about the short- or long-term 
biological consequences of oil pollution upon Arctic 
marine communities. On the basis of considerable re- 
search carried out in temperate regions it has been 
predicted that effects upon Arctic ecosystems would be 
particularly severe, especially from the point of view 
of rate of recovery from damage. A survey of the exten- 
Sive literature dealing with the impact of oil upon 
marine invertebrates in general, is presented in order 
to indicate the potential magnitude and nature of the 
petroleum hazard to marine life and to set the present 
study in context. 


This study is designed to yield information 
about potentially harmful interactions between some of 
the dominant marine invertebrates found in shallow 
coastal waters in the vicinity of the MacKenzie Delta, 
and Arctic crude oil. Two Arctic crude oils have been 
utilized, one from Norman Wells and the other from the 
Atkinson Point Well, located on the Tuktoyaktuk Penin- 
Sula adjacent to the study area. A sample of Venezuelan 
crude (an oil that has received considerable study re- 
garding its biological impact) has recently been obtained 
and used for comparative purposes in some experiments. 


Crude oil may directly damage organisms in 
two distinct ways. Certain of its components may 
damage tissues by chemically interfering with cell 
structure or function. In addition, the whole oil 
itself, by virtue of its high viscosity, may physically 
damage the organism by impairing locomotion, feeding, 
respiration, etc. Both types of damage are considered 
in the present study. 


Short-term toxicity studies, designed to 
assess chemical damage from seawater soluble components 
of the oil, were conducted on a number of species. 

Adult forms of benthic crustaceans examined (an amphipod 
and a cumacean) are rather tolerant of high concentra- 
tions of oil in seawater. A benthic bivalve also proved 
to be highly tolerant, although an initial avoidance 
response, whose magnitude and duration varied directly 
with the oil concentration, was evident. A benthic 
tunicate was adversely affected by the oil and succumbed 
in moderate concentrations. Only one planktonic species 
was investigated. This small locally abundant medusa 


was adversely affected by fairly low concentrations of 
Oil in seawater, and proved to be the least tolerant of 
all the species examined. 


It must be emphasized that these results are 
based on short-term lethal studies and that even those 
Species that are classed as tolerant of crude oil by this 
criterion may still be adversely affected and eventually 
Succumb over a more extended period. For this reason 
more sensitive physiological criteria are required for 
detecting sublethal deleterious effects. Metabolic 
rate 1s a sensitive indicator of an organism's general 
physiological state. We have investigated the effect 
of acute exposure to seawater soluble components of 
Arctic crude oils upon the metabolism of the aphipod 
Onisimus affinis. Neither Atkinson Point nor Norman 
Wells crude had any significant effect on respiration 
at low or moderate concentrations. At concentrations 
of 1000 ppm. and 5000 ppm. Atkinson Point oil increases 
respiration 25% and 30% respectively. Similar concen- 
trations of Norman Wells oil increase respiration by 
25% and 38%, respectively. There are indications that 
at still higher concentrations of both oils the rate 
begins to decline. 


It appears that adult benthic forms such as 
Onisimus will not be susceptible to damage by direct 
toxic effects of seawater soluble components of crude 
oil at the concentrations likely to be encountered in 
the natural environment. Physical effects, resulting 
from direct contact with oil masses are likely to prove 
more damaging. This is particularly true for those 
species, such as Onisimus, which although normally 
benthic, congregate in large numbers in the vicinity 
of the under-ice surface during the winter. It is in 
this area that pockets of spilled oil are likely to 
accumulate. A series of experiments was conducted to 
assess the ability of Onisimus to recover following a 
brief immersion in several crude oils and return to clean 
seawater. Mortality occurs gradually over an extended 
period, and the "condition" of the animals (measured 
quantitatively by an activity index) declines progres- 
sively. Four weeks after exposure less than 20% of the 
animals are capable of swimming, and in most of these 
swimming is erratic and abnormal. Very few, if cany, of 
the animals appear to recover fully. 


In view of the fact that physical contact 
with crude oil may present the greatest potential danger 


to certain species it is of interest to determine the 
behavioural response of marine organisms to oil masses 
present in their immediate vicinity. To permit com- 
parison of results we have defined an affinity coeffi- 
cient that indicates the degree of attraction or repul- 
sion of a given species for a particular crude oil. Of 
three Arctic crustaceans studies two amphipod species 
exhibit a significant avoidance response to oil masses, 
the type of oil markedly influencing the degree of 
avoidance. The isopod Mesidotea appeared to be quite 
indifferent to the presence of either Atkinson Point 
crude or Venezuela crude. In general, Arctic crude 
oils were more repellent than Venezuela crude. 


Initial indications are that adults of a num- 
ber of benthic species are fairly tolerant of short- 
term exposure to moderate concentrations of crude oils. 
Since an intertidal community is absent in most areas 
of the Arctic because of ice scouring, oiling of beaches 
will not result in the massive smothering mortalities 
common in temperate regions. Species most likely to 
be heavily damaged in the event of an oil spill include 
planktonic forms and those benthic species that migrate 
to the undersurface of the ice in winter. In the case 
of the latter animals contact with crude oil probably 
poses the greatest potential threat. However, indica- 
tions are that certain species actively avoid spilled 
oil. The degree of avoidance varies with both the spe- 
cies and the type of oil involved. A review of other 
potential adverse effects of oil pollution on marine 
invertebrate communities in the Arctic is presented to 
illustrate the magnitude of the problems that remain. 


INTRODUCTION 


It has been stated with good reason that oil 
pollution is the most serious and immediate threat 
facing the Arctic ecosystem (Dunbar, 1971). This is 
particularly true for the Arctic marine ecosystem. 
Recent developments in both the Canadian north and in 
Alaska, related to the extraction and transport of 
crude oil, have rudely awakened us to the fact that 
our present understanding of both short- and long-term 
consequences of such activities upon Arctic marine life 
1s woefully inadequate. As Dunbar (1971) has so aptly 
put it "we have been caught in a state of scientific 
near nudity in the particular respect in which we now 
so urgently need protective covering; namely knowledge 
of what the proposed developments will do to the envi- 
ronment, in precise terms, and knowledge of what should 
be done to conserve and protect." That we know little 
Or nothing about even the natural physiological ecology 
of most Arctic marine species is further cause for con- 
cern. What little information that we do have strongly 
suggests that simple extrapolations from studies con- 
ducted in temperate regions are of questionable signi- 
ficance in the Arctic context. Arctic species exhibit 
a variety of physiological and ecological adaptations, 
about which we know very little, that permit them to 
thrive in a unique and very demanding environment. 


That the ecological impact of oil pollution 
in the north is likely to be particularly severe can 
be deduced from the following generalizations about 
Arctic marine ecosystems: 


1. Limited numbers of species and possible ecosystem 
gnstabi lity (Dunbar, 1963) 


2. Slow growth, extended life cycles and longer repro- 
ductive periodicity (Chia, 1970) 


3. Slow biodegradation and dispersion of oil at low 
temperature. 


These particular features suggest a long drawn-out pro- 
cess of recovery once damage occurs. However, there 
still remains the important question of just how suscep- 
tible the various components of the ecosystem are to 
significant damage in the first place. It iS. tO .uaG 
question that the present study primarily addresses 


itself. The study was carried out in conjunction with 
a marine invertebrate ecological physiology program at 
the Arctic Biological Station and thus it tends to be 
primarily physiologically oriented. It represents an 
attempt to gain some insight into potentially harmful 
interactions between some of the dominant marine inver- 
tebrates of the Mackenzie delta region and Arctic crude 
GLLS. 


Studies conducted in temperate and tropical 
regions very clearly indicate that different species 
vary markedly in their tolerance of oil pollution. We 
were therefore interested in determining the relative 
sensitivity to Arctic crude oil of various ecologically 
important marine invertebrates present in the study 
area. Crude oil may directly damage organisms in two 
distinct ways. Certain seawater soluble components 
may exert a lethal toxic effect by chemically inter- 
fering with cell or tissue functions. On the other hand, 
the whole oil itself, by virtue of its high viscosity 
and hydrophobic nature, may physically impede the normal 
functioning of organisms and thus impair locomotion, 
feeding, respiration, etc. Both toxicity by soluble 
components and impairment of function by physical con- 
tact with whole oil are considered in the present study. 


The likelihood of high mortalities resulting 
from contact with oil masses raises the question of 
just how organisms react to the presence of discrete 
masses of oil in their immediate vicinity. Do they gen- 
erally tend to avoid it? Are they attracted to it? Or 
do they react as if it didn't exist and only blunder into 
it on a chance basis? Very little reliable information 
is available regarding the behavioral response of marine 
invertebrates to crude oil. In view of the paucity of 
data, and the potential ecological significance of an 
avoidance or attraction response to certain of the spe- 
cies being studied we conducted a series of tests to 
determine the affinity of several marine invertebrates 
for a number of different crude oils. 


Useful as short-term toxicity studies are for 
determining the relative sensitivity of various species 
and the relative toxicity of various crude oils, they 
provide little realistic information about the actual 
levels of pollutants that may ultimately prove detri- 
mental to an ecosystem. At best, they permit an esti- 
mate of gross biological effects that result from massive 
concentrations of oil, usually far in excess of levels 


likely to be encountered in the natural habitat, except 
perhaps in very restricted areas. Increasing attention 
is being directed to more subtle sublethal effects, which 
though more difficult to assess, nevertheless, yield a 
much more realistic estimate of the potential impact of 
oil pollution on marine communities. The rate of oxygen 
consumption of an organism is frequently utilized as a 
useful measure of general metabolic activity and provides 
a sensitive monitor of subtle changes in an animal's 
physiological state when subjected to an environmental 
stress. In the present study we examine the acute 
influence of a number of crude oils on the metabolic 

rate of a marine invertebrate that on the basis of 
short-term toxicity texts is considered resistant to 
high concentrations of crude oil. 


RESUME OF CURRENT STATE OF KNOWLEDGE 


i. “The Nature of the Threat of Oil Pollution’ to) Marine 
Organisms 


Studies on the impact of petroleum pollution 
upon marine ecosystems often yield conflicting or incon- 
clusive results that make it very difficult to establish 
general principles. That this is so is largely due to 
the very complex nature of the pollutant, both in its 
chemical and physical characteristics, and to the diverse 
physiological responses of different types of organisms 
to various components of the oil. After years of study, 
both in the field and in the laboratory, by many inves- 
tigators, our Knowledge of the short-term effects 07 
relatively massive quantities of oil and oil products 
is extensive, though by no means complete. Concerning 
the more subtle, long-term effects of relatively low 
concentrations of oil we know virtually nothing. It 
is to this latter area that much present day research 
is directed. 


Petroleum pollutants generally fall into two 
very broad categories. Non-persistent pollutants include 
the lighter refined components such as gasoline, kero- 
sene, diesel oil, etc. These are volatile components 
that have generally been found to evaporate rather quickly 
following a spill. Persistent pollutants such as crude 
oil, bunker fuel etc. have a large bulk of essentially 
non-volatile components that may remain in the environment 


for an indefinite period of time. In the absence of far 
northern refining facilities it is the latter type of 
pollutants that present the most serious threat to Arctic 
ecosystems. It is generally assumed that the toxicity 
of refined products is greater than that of crude oil; 
however, Butler and Berkes (1972) after an extensive re- 
view of the literature suggest that the available data 
does not warrant such a conclusion. Shelton (1971) main- 
tains that apart from the light refined components, 
petroleum products are not highly toxic. This would 
also appear to be the general conclusion to be drawn 
from the extensive series of studies that followed upon 
the Torrey Canyon incident (Smith, 1970). However, 

toxic effects of crude oils have been widely reported 
(see review by Butler and Berkes, 1972), and Allen (1971) 
found that crude oils and heavier bunker oils have a 
Significantly greater inhibiting effect upon cleavage 

of sea urchin eggs than do more highly refined petro- 
leum products. Much of the confusion, no doubt, arises 
from, the. fact that different types of crude oll vary 
quite extensively in their toxic effects as Ottway (1971) 
has clearly shown for several species of intertidal 
organisms. Kuhnhold (1970) reports a similar phenomenon 
with regard to crude oil toxicity to herring eggs. 


Blumer (1970) in summarizing some of the poten- 
tial biological effects of oi1 pollution suggested that 
adverse effects upon organisms can be conveniently grouped 
into the following categories: 


(a) Direct kill of organisms by physical effects 
such as smothering. 


(6b) - Direct kills of organisms by contact. toxicity 
i.e. by components that have only limited 
solubility in seawater. 


(c) Direct kill or organisms by seawater soluble 
compounds. 


(d) Destruction of sensitive larvae and eggs. 
(e) Destruction of food sources. 


(£) Sublethal effects resulting in reduced 
tolerance to normal stresses. 


(g) Incorporation and possible concentration of 
carcinogens and other potentially toxic com- 
pounds into food chains. 


(h) Interference with subtle integrative mechanisms 
of populations or communities. 


2. Effects of Direct Contact with Crude Oil 


As has been pointed out, adverse effects of 
contact with crude oil may arise from two distinct 
causes; a purely physical impairment of function as a 
consequence of the high viscosity of the oil, and a 
chemical disruption of physiological functions resulting 
from the presence of low solubility components in the 
OliGe inepractice itis difficult tosdistinguicsheberween 
these two effects. In many cases it is likely that both 
PacLors-acCring In concert -contrabuter to thesceatnvor 
the organism. 


The purely physical effect may involve inter- 
ference with respiratory exchange by clogging gill 
chambers, formation of a film over gill surfaces or 
immobilization of appendages essential for ventilation. 
Simple immobilization of the organism in the oil mass 
may lead to ultimate death. Such physical smothering 
effects are a particular hazard to intertidal communities. 


Little is known about the nature of contact 
toxicity. Many studies have shown high mortalities of 
various species immersed in crude oil for short periods 
and then washed and transferred to clean seawater 
(Crapp, 1969; Nelson-smith, 1968; Mironov, 1967). Many 
of the species that showed considerable susceptibility 
to this treatment were molluscs, supposedly equipped with 
a protective shell. In most such studies it is impos- 
sible to determine whether the animals are succumbing 
from physical or chemical causes. Crapp (1971), however, 
found that immersion of several species of molluscs in 
fresh crude oil led to high mortality, while similar 
exposure to weathered crude oil residue did not lead 
fo siqnificant mortality. This appears to rule out la 
physical cause, and indicates that a toxic component 
is responsible for the mortality and that it is a light 
volatile component that is lost on weathering. The 
practical significance of this is that freshly spilled 
crude oil washed ashore rapidly is likely to do con- 
siderably more biological damage than is oil that has 
been weathering at sea for some time before coming 
ashore. This is believed to be one of the reasons why 
in the Torrey Canyon oil spill the crude oil itself had 
only a limited effect on shore invertebrates (Smith, 1979). 
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3. Toxicity of Soluble Components -opleruce Git 


Crude oil is a complex mixture of a diverse 
assortment of hydrocarbons, many sulfur and nitrogen 
containing compounds and a wide variety of inorganic 
compounds. The water solubility of many of the hydro- 
carbon constituents appears to be relatively low. How- 
ever, certain phenolic compounds, straight chain hydro- 
carbons up to Cg and a number of the aromatic compounds 
are guite soluble (Dean, 1968; McKee, 1956; Hodgman 
et al., 1960; Wardley Smith, 1968). 


The different components of the crude oil 
differ markedly in their degree of toxicity. Much of 
the toxicity appears to be associated with certain of 
the aromatic fractions boiling below 149°C (Ottway, 1971). 
The numerous studies conducted on the toxicity of various 
isolated components of crude oil have been reviewed by 
Butler and Berkes (1972). A number of generalizations 
may be drawn from these studies. Toxicity generally 
increases along the series paraffins, naphthenes, 
olefins and aromatics. Within a given series smaller 
molecules tend to be .more toxic than large; thus octane 
and decane are very toxic, while dodecane and higher 
paraffins are virtually non-toxic (Van Overbeek and 
Blondeau, 1954). Unsaturated hydrocarbons naphthenic 
acids and compounds containing aromatic groups contri- 
bute to the total toxicity. Russian work, quoted by 
Galtsoff (1936) indicates that hexhydrobenzoic acid 
is one of the highly toxic components of Baku crude. 
Toxicity studies on various other refined constituents 
of crude oil have been reviewed by Nelson-Smith (1971). 
Considerably more work is required on the lethal and 
sublethal effects of other components of crude oils, 
particularly those components that are of a persistent 
nature. 


The very complex and highly variable composi- 
tion of crude oils accounts for the considerable differ- 
ences in toxicity observed for different crude oils. 

The complexity of composition and wide variability in 

the solubilities of the different components also accounts 
for the difficulty encountered in conducting meaningful 
toxicity tests; one is never very sure of just how much 

of which types of toxic compounds are actually getting 

to the organism. 


4. Variability of Species sensitivity ‘to O1l Pollution 


Even a cursory examination of the considerable 
literature on the biological effects of oil pollution 
reveals a marked difference in the ability of different 
types of animals to tolerate the presence of oil in their 
environment. Even allowing for different types of oil, 
different preparative and experimental techniques one 
is, nevertheless, forced to the conclusion that certain 
Species can thrive in incredibly high concentrations of 
oil while other species are killed or severely stressed 
by even a hint of petroleum in their environment. The 
precise reason for this remarkable difference in toler- 
ance is not at present known, largely due to the fact 
that we have no very clear idea of which components, 
and what mechanisms of toxicity, are responsible for 
irreversible damage to organisms exposed to a given 
crude oil. The following is a brief summary of a num- 
ber of reports substantiating the above conclusion. It 
is by no means an exhaustive review of the subject. 


Data on sensitivities of various species to 
oil pollution has been derived from two different sources; 
field observations following accidental or controlled 
Oil spills and laboratory toxicity studies conducted 
under standardized environmental conditions. The for- 
mer are usually difficult to interpret because of the 
lack of controls and the potential involvement of a 
wide range of uncontrolable environmental variables 
that may modify the overall effect of the oil. 


Studies by Mironov (1970) suggest that zooplank- 
ton may be particularly susceptible to crude oil. Although 
most species examined (mostly copepods) tolerated 1 ppm. 
almost all species experienced high mortality within 24 
hours when-exposeda to 100° ppm: o1l. “There as fittie 
firm field data regarding zooplankton mortality in the 
Vicinity of oil spills largely because of difficultiées 
in assessing effects and a lack of adequate baseline 
information for the areas in question. According to 
Smith (1970) there appeared to be “little detected damage 
suffered by planctonic organisms in the western English 
Channel following the release of oil from the Torrey 
Canyon". However, larval stages of a wide range of 
marine invertebrates that at times constitute a substan- 
tial portion of the zooplankton community have in general 
been found to be very sensitive to petroleum (Wells, 

1972; Chia, 1973; Mironov, 1969). 


Considerably more information is available 
regarding the effect of oil on benthic invertebrates, 
although much of it appears contradictory. Intertidal 
organisms have received the most extensive studies 
largely because effects in the field are usually obvious 
and easy to assess and because these species inhabit 
areas that frequently bear the brunt of oil pollution 
incidents. 


Sea anemones of the genus anthropleura are 
reported to be very resistant to oil pollution, even sur- 
viving heavy coating and smothering. (Foster et al., 1971). 
Im fact North et sal. (1964) report that not only ‘did 
Anthropleura xanthogrammia suffer few ill effects from 
the Tampico Maru o1l spill buGrthat 1t cece “commonny. 
in the effluent pools of a California refinery. However, 
other species of anemones appear to be very sensitive 
to oil (Manwell and Baker, 1967). 


Molluscs too vary considerably in their res- 
ponse to oil. Thus successive immersion of oysters in 
oil caused little mortality, although as pointed out 
earlier sublethal deleterious effects are evident 
(Chipman and Galtsoff, 1949). Clams, Mercenaria mer- 
cenaria, are reported to live in bays in Rhode Island 
the bottoms of which are literally "paved with oil" 
(Hawkes, 1961). The mussel Mytilus galloprovincialis 
is able to survive and function in high concentrations 
of oil although abnormal behavioural effects are evident 
at very high concentrations (Alykrinskaya, 1966). In 
Support of this, Foster et al. (1971) reports that no 
Significant mortality occurred among mussels, chitons 
and limpets following the Santa Barbara oil spill. 
However, not all bivalves are as tolerant of oil pollu- 
tion as are these species. Large number of pismo clams 
and abalones were killed by the oil released in the 
Tampico “Maru. spill (North etal. ,1964), «Astuek ont 
Spill on the U.S. west coast resulted in the death of 
an estimated 300,000 razor clams in less than a week 
(Tegelberg, 1964). Gastropod molluscs are also suscep- 
tible to oil. The winkles Littorina littorea and L. 
obtusata experience high mortalities when fresh crude 
oil was poured over them and then rinsed off (Crapp, 
1969). Similar treatment resulted in high mortality 
in the limpet Patella vulgata (Nelson-Smith, 1968) and 
to the gastropods Bittium reticulatum, Rissoa euxinica, 


and Gibbula divaricata (Mironov, 1967). 


Results for crustaceans are similarly variable, 
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depending upon the oil type and nature of the exposure 
to the oil. Field experiments with barnacles suggest 

no obvious ill effects from exposure to crude oil (Crapp, 
1969). However, the barnacle Chthamalus fissus suffered 
high mortality from smothering and heavily oiled goose- 
neck barnacles also died in the wake of the Santa Barbara 
Oriespill (roster et al. 1971). “That mores than simple 
smothering may be involved is suggested by studies of 
Chipman and Galtsoff (1949) who found that some species 
Of barnacles are killed by as little as 2% crude o1l in 
less than three days. Lobsters and crabs suffered 

heavy mortality following the Tampico Maru spill (North 
et al., 1964). Large numbers of lobsters and other 
crustaceans were killed and washed up on the shore after 
oetueigOl: Spallean Buzzards Bay. (Blumer ect wale) Lo 7h). 
However, lobsters were not significantly affected by the 
Bunker C 01il spilled from the Arrow in Nova Scotia 
(Scarratt, 1970). Large numbers of sand amphipods 
(Orchestoidea sp.) were oiled and killed in the Santa 
Barbara spill (Foster et al., 1970). Another sensitive 
amphipod rapidly succumbed in the presence of oil in 

the Buzzards Bay spill and could be used as an indicator 
OfepoOLluctons (Blumer et al. ,;- LOL). In? markedtcontrasc, 
the crab Carcinus maenas, along with the sea squirt Ciona 
intestinalis and the jellyfish Aurelia aurita are common 
in heavily oiled dock areas around Swansea (Naylor, 


1965). Some coral species are sensitive to oil (Lewis, 
1971) as are sea stars and sea urchins (Nelson-Smith, 
1970). Marine worms, from the few studies that have been 


reported appear to be very tolerant of oil pollution 
(Poster et al.., 2971; Blumer et. al.,, 1971). 


On the basis of the above data it is difficult 
to draw hard and fast generalizations regarding the oil 
tolerance of various classes of invertebrates. Diffi- 
culties in making comparisons arise from the fact Chac 
differences in the tolerance of species are obscured 
by differences in the oils involved, differences in 
method of application of the oils, ditfterences@ingcic 
degree of weathering of the oil, in addition to differ- 
ences in a variety of other environmental parameters. 


The overall ecological effect of-the dierer— 
ential Sensitivity of species to oil is that after a 
major pollution incident sensitive species are rapidly 
eliminated. More tolerant species, confronted with 
less competition and/or predation, may undergo a virtual 
population explosion. Such an effect was observed 
following the Buzzards Bay oil spill. The marine worm 


Capitella capitata which usually occurs in the area in 
small numbers became very abundant following the spill 
and flourished in all but the most heavily polluted 
areas (Blumer et al., 1971). Nelson-Smith (1971) 
suggests that chronic pollution (low-level, long-term) 
also leads to a reduction in diversity of species in 

an area. This would in general tend to increase ecolo- 
gical instability. 


5. Sublethal Effects of Crude Oil 


For many years short-term toxicity tests have 
been the favorite research tool of pollution biologists 
interested in gaining an insight into the effect of 
various pollutants upon aquatic organisms. Mortality 
is easy to measure and obviously detrimental to the 
individual concerned. Useful as such studies have been 
in outlining the nature and general scope of pollution 
damage they can never be considered as more than crude 
first approximations in our understanding of the problem. 
Of more importance in the long run are those subtle 
noxious effects that while they don't kill individuals 
outright tend nevertheless to the extermination of the 
population in the course of one or several generations. 
Such effects are often difficult to detect and it is only 
now that we are gaining awareness of the many insidious 
forms such sublethal effects can take. For most pollu- 
tants, including crude oil, we have no reliable estimates 
of the critical. concentrations of the pollutants that 
induce ecologically significant sublethal effects. 


A number of studies have demonstrated that 
crude oil can adversely affect the nutrition of marine 
Organisms. Chipman and Galtsoff (1949) reported that 
Successive immersions of oysters in crude oil caused 
little mortality although storage of glycogen appeared 
to be inhibited. Later work revealed that soluble 
components of the oil have an anaesthetic effect upon 
gill cilia leading to reduction in pumping with a con- 
sequent reduction in feeding and storage of reserves 
(Galtsoff, 1964). Similarly, Kuwait crude oil has a 
depressant effect on cirral activity in barnacles 
leading to a reduction in feeding and an inhibition 
in growth (Smith, 1970). The coral, Madracia asperula, 
reduced its feeding significantly following 24 hours 
exposure to as little as 10 ppm crude oil. No recovery 
occurred upon return to clean seawater (Lewis, 1971). 
One nutritional aspect of oil pollution that has not 


been examined in any great detail is the effect of inges- 
tion of crude oil upon marine invertebrates. Oil droplets 
are readily ingested by copepods (Conover, 1971), peri- 
winkles and sea urchins (Zitko and Carson, 1970). After 
thesTormey Canyon oi1 spill as much as 50% oil] was 
detected in the feces of intertidal molluscs (Smith, 
1970). It is unlikely that the oil passes through the 
animal unchanged. What components are absorbed from 

the oil and what effect the presence of oil has upon 
digestive processes is now known. 


Little is known concerning the effects of 
petroleum products upon the normal activity and behavior 
of marine organisms. Hargrave and Newcombe (1973) ob- 
served an increased rate of crawling of the gastropod 
Littorina in the presence of seawater extracts of 
Bunker C. Whether or not this represents an escape 
response is unclear. Depressed gill ventilation in 
oysters and cirral beating in barnacles as a result 
of exposure to crude oil have been alluded to above. 
Changes in locomotory activity caused by crude oil 
could have important consequences in terms of ability 
to feed or to escape from predators. Whether petroleum 
products have an adverse effect upon behavioral responses 
to normal environmental stimuli is not known. Whether 
oil interferes with the function of chemoreceptors is 
not known. Many marine invertebrates rely on chemo 
receptors for finding food. Blumer (1970) suggested 
that petroleum products may attract lobsters away from 
their natural food. It is conceivable that certain com- 
ponents of crude oils may mimic natural "messenger" 
compounds and evoke inappropriate responses in organisms. 


One of the most subtle and difficult to detect 
sublethal effects of pollutants is that they may reduce 
the resistance of organisms to normal environmental 
stresses. These may involve physical stresses such as 
temperature, salinity or other pollutants; or biological 
stresses such as predation, competition, disease and 
parasites. Synergistic effects of this type have been 
demonstrated for pollutants such as mercury (Vernberg 
and Vernberg, 1972). Little is known about the potential 
involvement of oil in such synergisms. Sublethal pollu- 
tant stress would be particularly critical to populations 
that are near the limits of the species range. 


be | ALtinity of Marine Organisms for Oil Masses 


As pointed out earlier very little reliable 


information is available regarding the behavioral res- 
ponses of marine organisms to crude oil masses in their 
immediate vicinity. A number of field observations are 
suggestive but of uncertain significance. Reports 
quoted by Nelson-Smith (1971) indicate that some fish 
species tend to avoid spilled oil drifting on the sea 
surface. Blumer (1970) notes that certain purified 
hydrocarbons derived from kerosene attract lobsters, 

and he suggests that the massive mortality experienced 
by this species following the Buzzards Bay oil spill 

may in part be attributable to the fact that animals 
were attracted away from their normal food in the direc- 
tion of the spill. Wilder (1970) observed that lobsters 
readily consume fish heavily contaminated with Bunker 

C oil. Unfortunately no observations were made to 
determine if the contaminated food was eaten more 
readily than uncontaminated food. In connection with 
the Arrow spill of Bunker C Thomas (1970) reported that 
periwinkles, Littorina sp. appeared to migrate from 


heavily oiled areas to adjacent clean areas. Further- 
more, he noted that clams, Mya arenarrea, generally moved 
out. of oi] polluted burrows. 1t€ is not clear whether 
this represented an aversion to the oil or a simple 
attempt to escape suffocation in the burrows. Defini- 


tive laboratory studies on the behavioral responses of 
marine invertebrates to petroleum and petroleum products 
are clearly lacking. 


STUDY AREA 


Most of the animals used in these studies 
were collected in the Eskimo Lakes, an interconnected 
chain of lakes that form a relatively shallow, estuarine 
extension of Liverpool Bay adjacent to the MacKenzie 
Delta. Isopods employed in the affinity tests were 
collected in shallow waters along the north western shore 
of Liverpool Bay. Experience in temperate regions sug- 
gests that such shallow, semi-enclosed coastal waters 
are likely to experience the most severe impact of an 
Oil pollution incident. In such confined areas spilled 
petroleum tends to remain concentrated and to persist 
for extended periods, in contrast to the situation that 
occurs in the open sea where spilled oil is usually 
dispersed over a fairly wide area very rapidly. 


MATERIALS AND METHODS 


1. Toxicity of Seawater Soluble Components 


Animals used in these studies were collected 
in the Eskimo Lakes and held in a refrigerated aquarium 
at approximately normal environmental temperature and 
Salinity at the field station until used. The species 
tested included the amphipod Onisimus affinis, the tuni- 
cate Rhizomolgula globularis, the bivalve mollusc Yol- 
diella intermedia, the coelenterate medusa Halitholus 
cirratus, and the cumacean Brachydiastylis resima. Only 
adults of each species were used. 


Fresh Atkinson Point crude oil was employed 
in the tests. Seawater extracts of the oil were pre- 
pared as follows: 100 ml. of the crude oil was placed 
in a large stoppered flask with one liter of filtered 
natural seawater of salinity 17-18 ppt. The contents 
of the flask were stirred vigorously on a magnetic 
stirrer for 6 hours at room temperature at a standard 
speed (the vortex formed extended approximately one- 
quarter of the way down into the solution). The contents 
of the flask were then transferred to a separatory fun- 
nel and allowed to stand for two hours while the two 
phases separated. The seawater/oil extract was drawn 
off and filtered through Whatman no. 1 filter paper. 
This stock solution was then used to prepare dilution of 
10", “100, -1000, "5000 and 10,000 ppm. “These drlverons 
are not absolute measures of the concentrations of com- 
ponents of the crude oil, they merely indicate the rela- 
tive concentrations of those components that are reasonably 
soluble in seawater. During the test the animals were 
held in plexiglass chambers of approximately 500 ml. 
capacity immersed in a constant temperature bath held 
at 7-8°C. A multi-channel peristaltic pump delivered 
the oil/seawater mixtures from one gallon polyethylene 
reservoirs to each of the chambers at a rate of approxi- 
mately 100 ml./hr. One of the chambers was designated 
a control chamber and received a similar flow of filtered 
natural seawater. Excess water from each of the chambers 
overflowed to a drain. The seawater/oil solutions were 
prepared fresh as necessary to replenish the reservoirs. 


Sixteen to 25 (depending upon the species) 
healthy animals were placed in each of the experimental 
chambers. The chambers were checked at regular intervals 


for 96 hours and each time the number of active animals 
was tabulated. The definition of "active" varied with 
the species. For the crustaceans Onisimus and Brachy- 
diastylis an active animal was considered to be one 
exhibiting swimming activity and/or coordinated appendage 
movement. For the mollusc Yoldiella the criterion of 
activity was the opening of the valves accompanied by 

an extension and sweeping motion of the foot. For the 
tunicate rhizomolgula an animal was considered active 

if the body was fully distended and with the incurrent 
and excurrent siphons extended and open yet capable of 
rapid retraction when disturbed. The medusa Halitholus 
was considered active if it exhibited regular, coordi- 
nated pulsations of the bell. At the end of 96 hours 
the number of animals still alive was determined. A 
Crustacean not exhibiting appendage movement was con- 
Sidered dead. Medusa were considered dead if they exhi- 
bited no bell pulsation or had lost their normal turgid 
form. Rhizomolgula were considered dead if the siphons 
were retracted and the body was flaccid. It was not 
possible to define a readily detectable indicator of 
death for the bivalve Yoldiella because of the presence 
of the protective shell. However, as more than 90% of 
the animals were clearly alive and active after 96 hours 
in even the highest oil concentration tested. this did 
not present a problem. 


Zo ‘Contact Toxicity 


Animals for these studies were collected in 
the Eskimo Lakes and maintained in the circulating sea- 
water system at Ste. Anne de Bellevue until used; 
holding temperature 0°9°-2°9C, salinity 17-18 ppt. Tests 
were conducted on the amphipod Onisimus affinis which 
had previously been shown to be rather resistant to oil/ 
seawater solutions. Three crude oils were used; 
Atkinson Point crude, Norman Wells crude and Venezuela 
light crude. 


Groups of 15 adult animals were immersed in 
about 10 ml. of one of the crude oils for either 30 
seconds (series 1) or two minutes (series 2). The 
animals were then poured onto a fibreglass screen and 
rinsed with approximately 1 liter of clean seawater. 
The animals were then transferred to polyethylene beakers 
containing 400 ml. of seawater that was aerated continu- 
ously. A control group, treated similarly except that 
it wasn't exposed to oil, was also prepared. The beakers 


were held in a constant temperature room at 0°C. After 
one hour and then at approximately daily intervals for 
30 days the animals were transferred to a shallow glass 
tray and scored for activity according to the following 
numerical scale: 


3 - animal exhibits spontaneous swimming activity 
within a five minute observation period. Pre- 
liminary tests had demonstrated that in a 
group of normal animals all of the individuals 
generally exhibited spontaneous swimming 
within two minutes. 


2 - animals exhibit coordinated limb movement 
including rhythmic beating of the pleopods, 
however, they do not swim during the five 
minute observation period. 


J -—- animals exhibit slight, irregular, uncoor— 
dinated limb movement. 
pleopod beat irregular if present. 


0 - no detectable appendage movement, animal 
dead. 


After each observation period the animals were returned 
to the beakers which had been refilled with fresh sea- 
water. 


The activity scores obtained during each obser- 
vation period were added to give an estimate of the 
locomotory capability of the group at that particular 
time. The maximum value for any given group is 45. 

The locomotory capability at each observation was 
expressed as a percentage of this maximum value. In 
addition, for each observation, the percentage of animals 
swimming spontaneously and the percentage of dead animals 
was calculated. 


Beem bie OL Coude sols 


Animals used in these studies were collected 
in the Eskimo Lakes and Liverpool Bay and were maintained 
in the circulating seawater system at the Ste. Anne de 
Bellevue laboratory prior to use; holding temperature 
0=-20C’ salinity 17-18 ppt. ‘The three species tested 
included the amphipods Onisimus affinis and Gammarus 
Ooceanicus and the isopod Mesidotea entomon. Three types 


of crude oil were tested; Atkinson Point crude, Norman 
Wells crude and Venezuela light crude. 


Test chambers consisted of shallow polyethy- 
lene trays subdivided into four equal zones (designated 
A, B, C and D) by lines inscribed on the bottom of the 
tray. For the smaller Onisimus, the chamber measured 
40 cm. long, 8 cm. wide and 4 cm. deep. and was divided 
linearly into 4 zones. For the larger Gammarus and Mesi- 
dotea a chamber measuring 33 cm. long by 28 cm. wide by 
5 cm. deep divided into quarters was used. Preliminary 
tests revealed that significant numbers of Onisimus be- 
came trapped by surface tension and were thus impeded in 
their movement within the chamber. This problem was 
finally overcome by completely filling the chamber with 
Seawater and placing a clear plexiglass sheet on the 
water surface to eliminate the air/water interface. The 
two larger species were unaffected by surface tension, 
so for these, the water surface remained exposed. The 
experimental chambers were partially immersed in an ice 
bath to hold the temperature between 2° and 4°C during 
the course of a run. For all of the runs the trays 
were held in a constant orientation in the laboratory. 
In order to record the positions of the animals in the 
various zones at intervals, a camera was positioned over 
the chamber so that the entire interior of the chamber was 
included in the field of view. For each run, one zone 
was designated as an oiled zone and the other three as 
unoiled or control zones. To hold the oil, small squares 
of sponge measuring approximately 2cm x 2cm x lcm were 
affixed to glass microscope slides with non-toxic sili- 
cone cement. Immediately prior to a run 1 ml of fresh 
crude oil of the desired type was placed on the sponge. 
As soon as the oil was absorbed the sponge was rinsed 
briefly in a large volume of seawater to remove excess 
Oil; this rinsing was necessary to prevent the formation 
of oil slicks in the test chamber. The oiled sponge was 


then placed in the preselected oiled zone. Similar sponge 
Squares that had not been treated with oil were placed 
in each of the control zones. The sponge squares were 


placed in the centre of each zone after the seawater 

and animals had been placed in the chamber, just prior to 
the commencement of the run. At the outset the animals 
were divided approximately equally among the zones. 


To eliminate possible phototactic responses and 
to prevent the animals visually distinguishing between 
the dark colored oiled sponges and the paler unoiled 
sponges all runs were conducted in complete darkness, 


except when observations were being made, at which time 
a brief period of illumination accompanied the photogra- 
phing of the chamber. 


Each run lasted for thirty minutes with the 
chamber being photographed at two minute intervals. 
Four runs with a single species and a single oil type 
constituted a series, with each of the four zones being 
successively designated as the oiled zone. At the end 
of each run the chamber was thoroughly rinsed and re- 
filled with fresh seawater. A freshly oiled square of 
sponge was used for each run. The same group of ani- 
mals was used for each run in a given series. At the 
end of each series the film was developed and the num- 
bers of animals in each zone at each observation were 
counted from the negatives and tabulated. 


For each run the numbers of animals in the 
Oiled zone at each observation were added to give an 
observed frequency for the oiled zone designated 0', 
where z indicated the oiled zone for a given run. 
The numbers of animals in each of the three unoiled 
zones were Similarly added and the totals from the 
three zones combined to yield an observed frequency 
TOternc unos led control zones designated: 0. F For 
each run 0'7 and 0. were combined to give the total 
number of counts for that run. Statistical probability 
dictates that in the absence of an attraction or repul- 
sion response, for each run one quarter of the counts 
should occur in the oiled zone and three quarters in 
the unoiled zone. The total counts for a given run 
were divided accordingly to yield an expected frequency 
for the oiled zone, designated e'y and an expected fre- 
quency for the unoiled zone designated ec. Thus x2 value 
was calculated from the observed and expected frequen- 
cies in oiled and unoiled zones for each run. The xX? 
values for each of the four runs in a given series were 
added to yield a series X2 value with four degrees of 
freedom (Spiegel, 1961). The probability of the observed 
frequency distribution in a given series being different 
from a random distribution was determined from X¢ tables. 


In order to express the attraction or repul- 
sion response in a clear and concise manner we have 
defined an affinity coefficient as follows: 
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where £0'_ is the sum of the observed counts in the 
Oiled zone for each of the four runs in a series 
(20g = O'S + O'p + O's + O'G) and=2e6" 7 is *the* sum of 
the expected counts in the oiled zone for each of the 
four eUNS Inia; Given “S6ri6s ere l= "Gree Fate 4c 
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An A.C. of zero indicates a neutral response 
and the animals are neither attracted nor repelled by 
the oil. An increasingly positive value indicates an 
increasing degree of attraction, to a maximum of 100 
which indicates an absolute attraction to the oiled 
zone. Similarly, an increasingly negative value indi- 
cates an increasing degree of repulsion, to a minimum 
of -100 which indicates an absolute repulsion from 
the oiled zone. The significance of the A.C. for 
each series was determined from the X* values calculated 
as indicated above. 


4. Effects of Oil on Respiration 


Animals used in these studies were collected 
in the Eskimo Lakes and maintained in a refrigerated 
aquarium at approximately normal environmental tempera- 
ture and salinity at the field station until used. 


Oil in seawater solutions at dilutions of 10, 
100, 1,000, 5,000 and 10,000 ppt. were prepared as 
described previously. Two types of crude oil were tested, 
Atkinson Point crude and Norman Wells crude. Although 
several species of invertebrates were examined only the 
data for Onisimus affinis is sufficiently complete at 
present to draw any meaningful conclusions; thus only 
the results for this particular species are presented. 


Respiration rates were determined with a Gilson 
Submarine respirometer uSing standard 15 ml. Warburg 
flasks. Four adult animals of a uniform size were 
placed in each flask. The medium consisted of 5 ml. 
of the appropriate oil/seawater solution or an equal 
volume of filtered natural seawater in the case of 
controls. Flasks were cleaned periodically with dichro- 
mate cleaning solution. The centre well of each flask 
was charged with 0.2 ml. of 20% KOH and a filter paper 
wick to absorb CO». Air was used as a gas phase and 
all runs were Eee abla temperarurceof.7.0 Ci uairhe 
shaking rate was 72 per minute. Flasks were equalibrated 
for one hour and readings taken at intervals (usually 


30 minutes) for three to five hours. Upon completion 

of the run the animals were placed in vials and frozen. 
Later they were dried to constant weight at 709c., cooled 
in a desiccator and weighed to the nearest 0.0001 gm. 


Respiration rates were calculated from the 
Slope of the line obtained by plotting cumulative oxy- 
gen consumption against time. Rates are expressed 
throughout at 102/mg dry wt/hr. Means and standard 
errors of the means were calculated and the significance 
of the difference of the respiration rate measured in 
each oil/seawater solutions from the control rate was 
determined by Students t test. 


RESULTS 


i-oePonOLt-Lerm LOxicity, tests 


These tests are designed to indicate the sus- 
ceptibility of animals to various concentrations of the 
seawater soluble components of the crude oil. All tests 
reported in this section were conducted with fresh 
Atkinson Point crude oil. As pointed out earlier, the 
concentrations referred to do not represent absolute 
quantities of the oil, but merely indicate the relative 
proportions of the seawater soluble components. 


The amphipod Onisimus affinis appears to be 
relatively resistant to the crude oil, and over 90% of 
the animals remain alive and active throughout the dura- 
tion of the test (Figure.1). It should be stressed 
that-in. this.instance, the criterion of activity coun 
dinated limb movement) is not necessarily an indication 
that the animal's activity is entirely normal. We have 
some preliminary information that suggests that orien- 
tation and swimming activity may be impaired by the oil. 
We are presently taking a closer look at this particu- 
lar aspect of the problem. However, even in the highest 
concentrations tested the animals were clearly alive 
and active even after 96 hours exposure to the pollutant. 


The bivalve Yoldiella intermedia exhibits a 
rather interesting response to the presence of crude 
oil. For this species the criterion of activity was 
the opening of the shell, accompanied by extension and 
active sweeping of the foot (the normal mode of feeding 
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FIGURE 1. Activity of Ontstmus affints at 
intervals during 96 hour exposure to different 
concentrations of Atkinson Point crude oil. 


in this animal). In normal unpolluted water more than 
90% of the animals exhibited such activity at each 
observation period (Figure 2). When oil was present 

in the seawater a significant number of the animals 
responded by closing the shell and isolating themselves 
from the noxious environment. The percentage of animals 
that responded in this fashion increased as the concen- 
tration of oil increased. Thus in 10 ppm oil/seawater 
30% of the animals ceased normal activity. In 100 ppm., 
1,000 ppm., 5,000 ppm., and 10,000 ppm., approximately 
35%, 50%, 60%, and 70% of the animals, respectively, 
exhibited the avoidance response. Thus the normal 
functioning of the animals is clearly adversely affected 
by the presence of oil in the surrounding seawater. 
However, the avoidance does not appear to represent a 
permanent response. After a period of time an increasing 
number of animals reopen and resume normal activity. 

The time that elapses before this resumption of activity 
increases with the concentration of the crude oil. Thus, 
in 10 ppm. the animals have returned to essentially full 
activity by 48 hours after initial exposure to the oil. 
Similarly, in 100 ppm. the animals require about 48 hours 
to resume activity. However, in 1,000 ppm. and 5,000 ppm. 
approximately 72 hours elapsed before a high level of 
activity was evident in the group. In the highest con- 
centration tested, 10,000 ppm. activity only returned 

to normal after the lapse of approximately 106 hours. 

It is significant that even in this high a concentration 
most of the animals did eventually resume normal acti- 
Vity. It is: clear from “these results that Yoldielva 

is resistant over the short-term to fairly high levels 
of water soluble components of the pollutant. 


In the case of the tunicate Rhizomolgula 
globularis, extension and opening of both incurrent and 
excurrent siphons and retraction of the siphons upon 
gentle stimulation, were used as criteria of normal 
GCeLvVa ty 


Rhizomolgula is adversely affected by crude 
Oil) but only: at. fairly high concentrations (Figure. 3). 
Thus in 10 ppm. and 100 ppm oil/seawater all of the 
animals functioned normally for at least 72 hours. The 
decline in numbers active at 96 hours (75% active) 
parallels that exhibited by the controls and almost 
certainly represents an adverse response to confinement 
in the test chambers, quite independent of the presence 
of oil. The animals were not. fed during the test 
period and it is conceivable that starvation effects 
May come into play after 72 hours. In 1,000 ppm. oil 
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FIGURE 2, Activity of Joldtella inrermmecta at 
intervals “during 10G:hour- exposure to different 
concentrations of Atkinson Point crude orl: 


cheganimalse: ali efunction normally for at least 72 hours. 
By 96 hours only 45% of the animals were responding nor- 
mally. Apparently at this concentration there is an 
eqverse GLEect of the crude oi1 but Pt only manifests 
itself after an extended period. In contrast, in 5,000 
ppm. and 1,000 ppm. the onset of impairment of function- 
ing occurs more rapidly and by 48 hours significant 
numbers of animals have ceased pumping (20% and 253, 
respectively). With time an increasing number of animals 
cease normal behaviour, so that after 96 hours only about 
30% of the animals in 5,000 ppm. oil/seawater are actively 
pumping, while in 10,000 ppm. none of the animals exhibit 
normal behaviour. 


Results for the medusa Halitholus cirratus are 
not quite as clear as for the other species examined and 
must be interpreted with caution. These planktonic ani- 
mals are very sensitive to changes in their environment 
and are difficult to maintain in closed systems for 
extended periods. In the present study, bell pulsation, 
either spontaneous or when the water was agitated slightly 
was used as a criterion of activity. In the case of 
the control chamber, except during the initial observa- 
tion, only 70%) to-85% of the animals exhibited “activity 
during the course of the run (Figure 4). As this number 
remained reasonably uniform for the full 96 hours it is 
possible that the initial rapid decline in numbers ac- 
tive reflects cessation of activity by a small group of 
animals damaged during collection, although every effort 
was made to select only normal healthy individuals. 

In the presence of increasing concentrations of oil an 
increasing number of animals became immobilized. In 
general, the animals became immobilized more rapidly 

as the oil concentration increased. None of the animals 
were active atter 96 hours in erther ta 5,000 ppm. ex 
10,000 ppm. oil/seawater solution. 


Crawling and/or coordinated limb movement was 
used as a criterion of normalcy for the cumacean Brachy— 
diastylis resima. This species appears to be fairly 
resistant to crude oil components dissolved in seawater 
(Figure: 5).) Although significant) mortalitiresgoccur” in 
100 ppm. and 1,000 ppm. oil/seawater solution these 
cannot be attributed to the presence of the oil, 
because a high degree of survival was observed in the 
5,000 ppm. and 10,000 ppm. solutions. 


Survival data for the five species after 96 
hours exposure to various concentrations of the crude 
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FIGURE 3. Activity of Rhizomolgula globularts 
at intervals during 96 hour exposure to different 
concentrations of Atkinson Point crude oil, 
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FIGURE 4. Activity of Halitholus cirratus at 
intervals during 96 hour exposure to different 
concentrations of Atkinson Point crude oil. 
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FIGURE 5. Activity of Brachydiastylis resima at 
intervals during 96. hour exposure: tocditrerent 
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oil was summarized in Figure 6. It is clear from this 
figure that Brachydiastylis, Yoldiella and Onisimus 

are reasonably resistant to even high concentrations 

of oil in seawater. In contrast Rhizomolgula and 
Halitholus are rather more susceptible; of the two, 
Halitholus appears to be the more sensitive and is killed 
by fairly low concentrations of the oil. 


2.  Gontact. Toxicity Tests 


This phase of the study examines the ability 
of the benthic amphipod Onisimus affinis to recover 
from brief immersion in different types of crude oils 
followed by a return to clean seawater. Animals in 
series 1 were exposed to the oil for 30 seconds, while 
those in series 2 were exposed for two minutes before 
being rinsed. An activity coefficient defined earlier 
was used to monitor the general activity of the group 
at intervals after exposure. In general the activity 
coefficient in both ,series 1 (Figure 7) and series 2 
(Figure 8) declined progressively following exposure 
of the animals to the oil. Within hours of transfer 
of the oiled animals to clean seawater the activity 
coefficient was reduced by about 5%-30% relative to 
that of the controls. This short-term effect probably 
reflects purely physical impairment of locomotion by 
the viscous oil. From this initial depression the 
activity level gradually declined until after about 
four weeks the activity of the group was less than 45% 
that of controls. An exception is the group exposed 
to Atkinson Point crude for only 30 seconds. This group 
exhibits an increase in activity after the first day 
followed by a reasonably stable level until day 15 when 
a delayed effect resulted in a rapid decline to a level 
comparable to that of the groups exposed to Norman Wells 
and Venezuela crude. In contrast, longer exposure to 
Atkinson Point crude eliminates this delayed effect 
and the decline in activity 1s comparable to that of 
the other two groups. In general, Norman Wells crude 
appears ito be initially more toxic than Atkinson Pornt 
crude, although in the long run the ultimate consequences 
are Similar. 


Swimming activity of Onisimus is adversely 
affected by brief exposure to the oil (Figure 9). Even 
several days after transfer to clean seawater when 
visible traces of oil had disappeared from most of the 
animals only a small percentage of the animals exhibited 
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a swimming response. After 25-30 days only about 20% 

of animals were swimming; and even for these the response 
was not entirely normal. Many appeared to have difficulty 
in maintaining their balance. A number of individuals 
flexed their body in such a manner that the rapid beating 
of the pleopods caused them to swim on their side in 

tight circles in brief spasmodic bursts. Very few exhi- 
bited the more normal upright swimming posture. 


Following transfer to clean seawater a gradual 
progressive mortality of the oiled animals occurred 
(Figure 10). Until after about four weeks only 40%-503% 
of them remained alive. 


It is clear that after exposure to crude oil, 
although individuals are only killed slowly over a long 
period, their locomatory behavior is severely disrupted 
from the outset and then progressively deteriorates. 
Few, if any, of the animals appear capable of recovering 
fully once exposed to the crude oil. 


3. Affinity of Marine Invertebrates for Crude Oils 


These experiments examine the behavioral res- 
ponse of several Arctic marine invertebrates ‘to the pre- 
sence of different types of crude oil in their immediate 
Vicinity. Results for Onisimus affinis, Gammarus oceani- 
cus and Mesidotéea-entomon are presented im figures Il; 
12 and 13, respectively. Each bar in the histogram 
represents the percentage of the animals observed in the 
given quarter (indicated by A, B, C and D) of the test 
chamber during each 30 minute run. The zone containing 
the oiled sponge is indicated by the dark bar. Each 
group of four runs constitutes a series for the given 
animal in the given oil. The dashed line on each graph 
represents the expected frequency of the animals, assu- 
ming random distribution. While it is clear from these 
graphs that OnisSimus and Gammarus generally tend to 
avoid the oiled zones and that Mesidotea is essentially 
neutral except with respect to Norman Wells crude, it 
is difficult to compare the magnitudes of the responses. 
An affinity coefficient defined earlier provides a use- 
ful means of expressing differing degrees of attraction 
Or repulsion. OnisSimus is strongly repelled by all 
three crude oils, with the Arctic oils being consider- 
ably more repellant than Venezuela crude. The amphipod 
Gammarus is also strongly repelled by all three oils, 
with Atkinson Point oil again being the most repellant. 
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FIGURE 11. Percentage distribution of Ontsimus 
affinits in each quarter of the 011 affinity test 
chamber during exposure to various crude oils. 
Dark bar indicates oiled quarter in each run. 
Dashed line indicates expected distribution in 
Caachi quarter. 
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FIGURE 12. Percentage distribution of Gammarus 
oceanicus in each quarter of the oil affinity 

test chamber during exposure to various crude oils. 
Dark bar indicates oiled quarter in each run. 
Dashed line indicates expected distribution in each 


quarter, 
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FIGURE 13. Percentage distribution of Mestdotea 
entomon in each quarter of the oil affinity test 
chamber during exposure to various crude oils. 
Dark bar indicates oiled quarter in each run. 
Dashed line indicates expected distribution in 
each quarter. 
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Lab 


Affinity of Onisimus, Gammarus and Mesidotea for 
Atkinson Point (A.P.), Norman Wells (N.W.) and 


Venezuela (Ve.) crude oil 


OIL 
SPECIES TYPE 200 cee Age <3 P 
Onisimus A.P 151.6 Zo =30 LOS.a <0.005 
Onisimus N.W 9 320 asi Mie <0-7005 
Onisimus Ve Dee 300 eae) Sita) “O00 
Gammarus A.P dal 260 -34 45.8 <0.005 
Gammarus N.W 214 260 =17 Loss <02005 
Gammarus Ve 2L2 25H col i] 1320 <0.05 
Mesidotea Ase? 250 2605 ot Zee NvS. 
Mesidotea N.W. 206 248 = 6 10.4 =9 E18) 5) 
Mesidotea Ve 265 27 ae Sai Neos 


r0' = total observed counts in the oiled zone for 
the given series. 

te" = “total expected counts in the orled Zone Tor 
the given series. 

Avec. "=" "attinitty coefricient expressed as percenrc. 
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Norman Wells oil and Venezuela oil are similar in effect. 
The isopod Mesidotea appears to be essentially neutral 
to both Atkinson Point oil and Venezuela crude and the 
affinity coefficients are not significantly different 
from zero. An A.C. of -16.9 for tests with Norman Wells 
crude indicates a slight repulsion from the oil, that 

is probably significant. 


None of the animals examined were attracted 
to oil masses. It is clear that the degree of repulsion 
varies with both the species and the crude oil type. 


4. The Influence of Crude Oil on Metabolic Rate 


Data concerning the acute influence of sea- 
water soluble components of Norman Wells and Atkinson 
Point crude oils upon the metabolic rate of the amphipod 
Onisimus affinis is presented in Tables II and III. In 
the presence of low to moderate concentrations of either 
crude oil the metabolic rate does not differ signifi- 
cantly from that of the control (Figures 14 and 15). 

At high concentrations both oils stimulate respiration. 
Atkinson Point oil at concentrations of 1,000 ppm. 

and 5,000 ppm. increases the metabolic rate by 25% 

and 30%, respectively. Norman Wells oil at similar 
concentrations raises the metabolic rate by 25% and 
38%, respectively. At still higher concentrations the 
metabolic rates of animals in both oils decline, that 
in Atkinson Point only slightly, while that in Norman 
Wells oil quite significantly. 


DISCUSSION 


Although the usefulness of short-term toxicity 
tests as indicators of environmental damage is limited 
by the fact that they measure only a rather gross physio- 
logical change that occurs rapidly, they can, nevertheless, 
provide valuable information about the relative sensiti- 
vity of various species to pollutants. Problems likely 
to be encountered in conducting such tests have been 
discussed by Perkins (1972). As pointed out in section 
3.4 of the resume of current state of knowledge, species 
differ markedly in their tolerance of petroleum. Know- 
ledge of such species sensitivity is a prerequisite 
for predicting general effects of pollution incidents. 
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TABLE II 


The Influence of Various Concentrations of 
Atkinson Point Crude Oil on the Metabolic 


Rate of Onisimus affinis 
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TABLE 
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The Influence of Various Concentrations 


of Norman Wells Crude Oil on the 


Metabolic Rate of Onisimus affinis 


H10,/ 


mg/hr. 


0.340 
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OFS 7.6 
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0.035 


0.034 


Standard deviation 


Standard error 


@ increase over the control 


= Student's t statistic 
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FIGURE 14. Influence of different concentrations 
of Atkinson Point crude oil on the respiration 
of Ontstmus affints. Vertical lines indicate 
the standard error of the mean. 
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FIGURE 15. Influence of different concentrations 
of Norman Wells crude oil on the respiration of 
Ontstmus affints. Vertical lines indicate the 
standard error of the mean. 
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Particularly sensitive species can sometimes be used as 
sensitive biological monitors of environmental quality. 


Adult forms of the benthic species investigated 
appear to be rather tolerant of high concentrations of 
those oil components that dissolve readily in seawater. 
The concentrations that cause significant mortality are 
far in excess of those likely to be encountered in the 
natural habitat, except perhaps in very restricted areas. 
Moderate concentrations appear to disrupt feeding acti- 
vity in the mollusc Yoldiella. Interestingly enough, 
even in the highest concentrations tested the disruption 
proved to be temporary and the animals resumed activity 
within four days. Onisimus and Brachdiastylis appear to 
be very tolerant of petroleum. However, adverse sublethal 
effects cannot be ruled out. The tunicate Rhizomolgula, 
a very abundant animal in many areas of the Eskimo Lakes, 
appears to be more sensitive to crude oil than the other 


benthic species. However, concentrations that might 
prove rapidly lethal are unlikely to be attained in the 
natural habitat. In exposed turbulent areas, emulsification 


of the oil by wave action and dispersion of the resulting 
fine droplets in the water column could lead to the inges- 
tion of oil, as Rhizomolgula feeds by filtering particles 
from the water column. Conover (1971) has shown that such 
oil droplets can be dispersed to considerable depths and 
over wide areas, and are readily ingested by filter feeders. 
The effect of such ingestion of oil upon the animal is not 
known. 


The relatively low tolerance for petroleum 
exhibited by the planktonic medusa Halitholus must be 
viewed with some caution in view of the general sensiti- 
vity of these animals to capture and confinement. It is 
possible that a synergistic interaction between experimen- 
tal stress and petroleum stress rendered them more sen- 
sitive to oil than they would actually be in the natural 
habitat. However, such planktonic forms have generally 
been found to be particularly sensitive to petroleum. 
Mironov (1970) found that 100 ppm. crude oil was rapidly 
lethal to all zooplankton species tested. As discussed 
in the "Implications" section, Halitholus and other plank- 
tonic forms could encounter lethal petroleum in seawater 
concentrations in the vicinity of an oil spill under ice. 


In addition to the toxic effects discussed 
thus far, oil may adversely affect organisms that come 
into direct contact with it. The oil by virtue of its 
high viscosity may physically impair locomotion, feeding 


or respiration and thus lead to eventual death. Some 
animals appear to recover readily from contact with oil. 
Wilder (1970) noted that lobsters liberally smeared with 
Bunker C lost most of the oil within a matter of hours and 
suffered no subsequent mortality over a 35 day period. 
In this) instance 1t must be kept ian mind that Bunker +c 
lacks the lighter, more toxic fractions that are present 
in crude oils. Onisimus does not readily recover from 
Oiling and a high percentage of the animals eventually 
succumb, even though in most instances visible traces 

of the oil disappear in a few days. Activity of the 
animal is severely disrupted by the treatment. Few of 
the animals are capable of Swimming, and those that are 
appear to have difficulty maintaining balance. Mortality 
occurs gradually over an extended period. Indications 
are that the adverse effects result from the presence 

of relatively insoluble toxic components of the oil 
rather than from a smothering effect. On the basis of 
these results, contact with sub-ice oil masses probably 
poses the greatest potential threat to OniSimus as dis- 
cussed in the section on "Implications". 


In view of the differential sensitivity of 
various species to crude oil it is clear that an Arctic 
Oil spill of some magnitude would probably selectively 
eliminate certain species from an area. We know too 
little about the ecological inter-relationships of Arctic 
Organisms to even hazard a guess as to the broader rami- 
fications of such a disturbance of the ecological balance. 


Few studies have investigated the behavioral 
response of marine invertebrates to the presence of 
crude oil. As pointed out elsewhere (No. 6 of "Resume 
of Current State of Knowledge") field observations have 
Suggested that some species actively avoid oil while 
others may in fact be attracted to it. In view of the 
high mortality of Onisimus following even very brief 
contact with the oil, the behavioral response of the 
animal in the presence of oil is of interest, particu- 
larly as many of the animals congregate in areas where 
subice pockets of oil could be expected to accumulate. 
Both of the amphipod species tested were clearly repelled 
by the oil, the degreee of repulsion varying somewhat 
with the type of oil. It is possible that after extended 
exposure to sublethal concentrations of the oil the 
animals avoidance reaction may diminish either through 
adaptation or damage to chemoreceptors. We are presently 
investigating this possibility. Yoldiella was found 
to exhibit an initial avoidance response (shell closure) 


followed by a gradual return to normal activity in the 
continued presence of oil. Mesidotea shows little if 

any response to the oil. None of the species examined 
exhibited the slightest degree of attraction for any of 
the crude oils. Little is known regarding other possible 
behavioral effects of dissolved crude oil. 


Even those species that are classed as tolerant 
of:crude oil on the basis of short-term toxicity tests may 
still be adversely affected and eventually succumb over 
a more extended exposure period. For this reason, more 
sensitive physiological criteria are required for detecting 
sublethal deleterious effects. Metabolic rate is a 
sensitive indicator of an organisms general physiolo- 
gical state. Neither Atkinson Point nor Norman Wells 
crude had any significant acute effect on respiration 
of the amphipod Onisimus at low or moderate concentra- 
tLONS wero ueconcentratitons of .1,000 soom. ands >,000 soom. 
Atkinson Point crude increased respiration by 25 and 30 
per cent, respectively. At similar concentrations 
Norman Wells oil increases respiration by 25% and 38%, 
respectively. At still higher concentrations the rates 
decline somewhat in both oils. The increased respiration 
may reflect an increase in the animals' activity rather 
than a direct effect on metabolic processes. Both the 
metabolic rate and the rate of crawling of the intertidal 
Snail Littorina littorea increased significantly upon 
exposure to high concentrations of Bunker C (Hargrave and 
Newcombe, 1973). It is possible that in both Onisimus 
and Littorina an escape response is involved. If such 
is the case 1t is likely that on longer exposure to the 
pollutant the metabolic rate would decrease. Petroleum 
certainly does not appear to have a depressant effect 
upon the activity of Onisimus, as has been reported for 
Other anvertebrates Galesore, 1935> Smith, 9197.0 agen 
significant decline in activity would have been accom- 
panied by a depression of respiration. 


CONCLUSIONS 


Arctic marine invertebrates vary considerably 
in their tolerance of crude oils. Benthic species are 
generally tolerant of high concentrations of seawater 
soluble components of the oil. Indications are that 
planktonic species may be more sensitive and are killed 
at low to moderate concentrations of the oil. 


Certain benthic species that are tolerant of 
seawater-soluble components of the oil are susceptible 
to physical. contact with the ofl. "bitele recover, ioc 
curs after transfer to clean seawater. Activity is 
severely depressed and mortality occurs gradually. 


A number of benthic species actively avoid 
crude oil. The degree of avoidance varies with both 
the species and with the type of crude oil. Arctic 
Oils generally appear to be more repellant than 
Venezuela crude. The avoidance response may be of 
particular ecological significance to species living 
in the sub-ice habitat. 


Acute sublethal effects of the metabolism of 
Onisimus are not detectable at petroleum concentrations 
likely to be encountered in the natural habitat. An 
increased rate at very high petroleum levels probably 
reflects an increase in activity associated with an 
escape response. 


In view of the absence of well developed lit- 
toral communities in the Arctic it is concluded that the 
major immediate impact of oil spills is likely to be upon 
the planktonic and epibenthic species that constitute the 
Sub-ice community. Tke precise ecological consequence 
of extensive damage to the sub-ice community is at 
present unknown. 


The overall general effect of a major oil 
Spill will probably be the selective elimination of 
sensitive species from the habitat coupled with an 
increase in numbers of the more tolerant species as 
competition decreases. The natural balance of the eco- 
system will probably not be re-established for several 
years. 


IMPLICATIONS: CRUDE OIL AND MARINE BIOLOGY IN THE 
ARCTIC CONTEXT 


In the Arctic Ocean, ice abrasion effectively 
inhibits the establishment of littoral communities in all 
but the most protected areas. Thus the smothering and 
contact poisoning by amorphous masses of beached oil 
that play such a significant destructive role in tem- 
perate zone pollution incidents wilh have little divecc 
impact upon marine invertebrate populations of the Arctic. 


Sublittoral areas will undoubtedly be of greater signi- 
ficance from the point of view of potential biological 
damage. 


As was pointed out earlier, in the absence of 
farmorthern retaining “facili ties! Tiers: thet persistent 
petroleum pollutants (crude oils) that represent the 
greatest potential threat to the Arctic marine ecosystem. 
It' is generally agreed* that crude oils and heavy resi- 
dual products are on the whole less immediately damaging 
to marine ecosystems (excluding perhaps intertidal habi- 
tats) than many of the lighter refined products. This 
certainly appears to be the conclusion to be drawn from 
a number of major spills in temperate waters. Thus, 
the Torrey Canyon spill (Smith, 1970), the Santa Barbara 
Ssprbla(fostertetveal, 197) -and=they Arrowsspeliidisearrart, 
19:70; ‘Thomas, 1970): involving Kuwait crude, Cali fornia 
crude and Bunker C oil, respectively, appear to have 
resulted in relatively minor destruction of sublittoral 
communities. In contrast, the Buzzards Bay spill (Blumer 
Ciral., Io 7O)mand ‘thes Tampico! Marussprl Ma (Northwet ale, 
1964) involving No. 2 fuel oil and diesel oil, respec- 
tively, resulted in wholesale destruction of littoral 
and sublittoral communities. 


In view of the above considerations it might 
be concluded that crude oil spills would have little 
Significant effect on Arctic marine invertebrate commu- 
nities. However, a number of unique features of polar 
ecosystems may render them acutely susceptible to serious 
damage by spilled oil. 


The sub-ice communities may be particularly 
vulnerable to oil pollution damage. In the spring, a 
dense algal bloom generally forms on and within the 
undersurface of the ice, stimulated both by the increa- 
sing levels of nutrients in the water column at this time 
of year and by the increasing levels of diffuse light 
filtering through the ice. As the bloom progresses the 
bottom of the ice may become quite brown. There is 
evidence that large numbers of invertebrate animals con- 
gregate in the vicinity of the lower ice surface, 
presumably for the purpose of feeding on the algal . 
layer. This sub-ice community, which needs to be studied 


*A number of exceptions have been noted in No. 1 of 
"Resume of Current State of Knowledge". 


in much greater detail, includes planktonic species as 
might be expected. Surprisingly, however, we have also 
found large numbers of individuals of epibenthic species 
that normally are found in close proximity to the sea 
floor. For example, in the Eskimo Lakes, we found the 
Onisimus affinis population divided into a large sub-ice 
group and a slightly larger benthic group, with few, 

if any, individuals occurring at intermediate layers 

in the water column. Crude oil, being heavier than ice 
yet lighter than seawater tends to spread under the ice 
and collect in pockets at the interface (Hoult, 1972). 
There are several potential ecological effects that 

need to be examined carefully. Oil has been shown to 

be toxic to phytoplankton (Mironov, 1972) and thus 

could prevent or inhibit formation of the sub-ice flora, 
with unknown consequences both to the animals dependent 
upon it and to the later diatom bloom in the water co- 
lumn. Furthermore, the 01il could physically isolate 
herbivorous animals from their algal food, again with 
unknown long-term consequences. Finally, the animals 
would be particularly exposed to the hazards of contact 
poisoning and to possible toxic effects arising from 

the ingestion of guantities of crude oil. We have demon- 
strated that Onisimus affinis exhibits a very low degree 
of recovery following even very brief contact with crude 
Oil. However, we have also found that this species 
tends to avoid crude oil masses. It would be useful to 
obtain similar data for other members of the sub-ice 
community and to carry out field observations to confirm 
that such an avoidance response is operative in the natural 
sub-ice habitat. 


In temperate and tropical waters spilled crude 
O11 appears to lose much of its. toxicity fairly rapidly 
by €vapoation of “the Tightimeret tonic fractions. Tags, 
the Kuwait crude oil spilled from the Torrey Canyon was 
estimated to have lost about 25% of its volume through 
evaporation during the first few days (Smith, 1970). 
Such rapid weathering probably accounts for the observations 
already alluded to’ that crude oi) spilis as “a rule: do 
not cause disastrous damage to subtidal communities. 
Presumably, the rapid loss of volatile material results 
in a considerable reduction in the amounts of the lighter, 
toxic fractions available for dissolution in the seawater. 
A spill in Arctic waters might have far different results. 
The lower temperature would reduce the rate of evaporation 
of toxic fractions. If the spill occurs in an under-ice 
Situation the physical barrier of the ice would probably 
further minimize evaporation. The oil would retain its 


toxicity for an extended period and it is probable that 
higher concentrations of the soluble toxic components 
would ultimately dissolve in the seawater. The more sen- 
Sitive species of the plankton and of the sub-ice community 
might thus be exposed to lethal levels of the pollutant. 
As we have shown, Halitholus a common planktonic medusa 
suffers high mortality at concentrations of 100 ppm. 
SECCICVCrUude Oil... \Similarly;oMironoyv (1970) 0 foundetnar 
all of the zooplankton species tested (mostly copepods) 
Surrered haghemortality within 24 hours at concentrations 
of 100 ppm crude oil. Larval stages of many species 

also occur as members of the plankton community. It 

has been shown that many marine invertebrate larvae 

are far more sensitive to petroleum than are adults, 
often succumbing at concentrations in the range 1-100 
DOM.e Wells, LO 72.) Mironov.,,. 19:70). 


As McLaren (1964) and others have pointed out, 
it is primarily the very abbreviated season of phyto- 
plankton abundance rather than the frigid temperature 
that makes the Arctic Ocean a particularly harsh envi- 
ronment. Many Arctic marine invertebrates feed inten- 
Sively during this brief surge of phytoplankton produc- 
tivity. At this time, many appear to accumulate nutrient 
reserves, in the form of lipids or glycogen, to sustain 
them through the ensuing winter. Furthermore, some-spe- 
cies are probably dependent upon the accumulated reserves 
for the production of nutrient rich eggs that are released 
during the winter or early spring. Many studies have 
shown that in certain species oil, while not causing 
Significant immediate mortality may severely inhibit the 
accumulation of nutrient reserves by disrupting feeding. 
Galtsoft et al. (1935) found that oil has an anaesthetic 
etfeci son tne. gill cilia iof oysters... (“he net resuleiwas 
a reduction in pumping, a decrease in feeding and a con- 
sequent cessation of growth and glycogen deposition. 

The present study suggests that moderate concentrations 
of oil disrupt the feeding behaviour of Rhizomolgula and 
Yoldiella; although in the latter case recovery of 
activity appears to occur rapidly. To properly assess 
the ecological significance of such nutritional effects 
we require considerably more information about the 
influence of sublethal concentrations of oil on a wider 
range of invertebrate species. In the Arctic, such a 
disruption of feeding by oil for even a relatively brief 
period during the time of maximum phytoplankton availa- 
bility could seriously impair the ability of a population 
to survive the winter or to produce viable eggs in the 
spring. 


=—190 .= 


Perhaps the most disturbing feature concerning 
Arctic oil pollution is the fact that once a given marine 
community is severely damaged prospects for recovery within 
a reasonable time are slight. As Chia (1970) has pointed 
out, a major pollution incident not only eliminates adults 
but also the existing stock of more sensitive larval 
stages. Toxic products could be expected to persist in 
the habitat for a considerable period. Replacement of 
species from adjacent areas would probably be slow and 
"with the slow growth and development of sexual maturity 
of these animals, the re-establishment of the community 
with a balanced age structure will require many more 
years than in communities in temperate waters." (Chia, 1970). 


ah ee 


LITERATURE CITED 


ALlen } Hew ©1971. 
Effects of petroleum fractions on the early devel- 
Opment ofa seagurchin.. UMarce POI.) DULG, On 99: 
6-140 


Alyakrinskaya, I.0. 1966. 
One thesbehavior end ability to filter of the Black 
Sea mussel Mytilus galloprovincialis in oil 
polluted water. Zool. Zh. 45:998-1003. 


Blumer, M.0e1970. 
Oil contamination and the living resources of the 
sea. In: FAO Technical Conference on Marine 
Pollution and its Effects on Living Resources and 
Fishing. Food and Agriculture Organisation of 
the United Nations. Dec. 9-18, 1970, Rome. 


Blumer, M., H.L. Sanders, J.F. Grassle, and G.R. Hampson. 
i Le eA 
Pesomaklfovl.spidi. wEnvironmen’, 1s8(2)i-2-70. 


Butler Meo.A. and F..1Berkes.. 919725 
Biological aspects of oil pollution in the marine 
environment. A Review. Marine Sciences Centre, 
McGill University, Montreal. Manuscript Report 
NO wnrz 2is 


Chay ery oe 87 0% 
Reproduction of Arctic marine invertebrates. Mar. 


POM Ll seDlld ty al ONS ha ( Sim loo. 


Chitayeeco. welO7 Ss. 
Killing of marine larvae by diesel oil. Mar. Poll. 


Bulls “4:(2)i25 529-30. 


Chipman, WA.,- and B.S. Galtsott. 1949'. 
Effects of oil mixed with carbonized sand on aquatic 
animals. Spec. Scient. Rep. U.S." Fish. ~ Wildlite 
Serv,.., Lol-53% 


Conover; Bed. SLosA: 
Some relations between zooplankton and Bunker C 


oil in Chedabucto Bay following the wreck of the 


0 


tanker "Arrow". J. Fish. Res. Bay  Canadaw ce oc 
1330: 


Crapp, G.B.. L969". 
Second report by zoologist. Annual Report of Oil 
Pollution Research Unit, 1968: 21-224. Field 
Studies Council, Orielton. 


CrapD,. Gribuoe aot 
Field experiments with oil and emulsifiers. In: 
Thé Ecological Effects of O11 Pollution on Citroral 
Communities (E.B. Cowell, ed.). The Institute of 
Petroleum, London/ pp. 114-128. 


Dean, R.A. 1968. 
The chemistry of crude oils in relation to their 
spillage: om the sea)’ Flds Stude,;*2 (suppl); 1-6. 


Dunbar, M:d. 23968. 
Ecological development in polar regions: A study 
in evolution. Prentice-Hall, New Jersey, 113 pp. 


Dunbar5 ei... VOW: 
Environment and good sense. McGill-Queens Univer- 
Sity Press, Montreal, 92 pp. 


Foster, M.* M. Neushul, E.R. Zingniark. 1971 
The Santa Barbara o1l spill. Part 22 Initial 
effects on intertidal and kelp bed organisms. 
Environs Poll. 2iq £35-154. 


Galtso£t,\P2S.,.8.P. Prytherch,, h2Orsmiens) S.-i Koenring. 
T9355 
Effects of crude oil pollution on oysters in 
Louisiana waters. Bull. Bur. Fish. Wash. 18:143-210. 


Galtsott; 2.5. 1986. 
Oil pollution in coastal waters. Proc. N. Amer. 
Wildlife Conf. 1:550-55 


- 93 - 


Goatsortye P.S.0019645 
The American Oyster, Crassostrea virginica Gmelin. 


Bur. Comm.” Fish.’ U.S. Fish’ and Wildlife Serv., 
Fishery Bull. 64. 


Hargrave, B.T. and C.0O. Newcombe 1973. 
Crawling and respiration as indices of sublethal 
effects of oil) and ‘a dispersant on, an intertidal 
Snail ,..uLccorinal.1ttoreared. Bish. Resa Ba. 
Canada siCLl2y21789-1792. 


Hawkes, A.L. 1961. 
A review of the nature and extent of damage caused 
by*oll pollution at séa.” tTranss N.vAmer. Wildtivta 
New. Resources Cont., 26:343-255.* 


Hodgmen, C.D., R.C. Weast and S.M. Selby (Editors). 1960. 
Handbook of Chemistry and Physics. Chemical Rubber 
Co., Cleveland. 


Houli, “Ds Pew C1972 
Marine pollution, concentrating on the effects of 
hydrocarbons in seawater. Canadian-U.S. Maritime 
Problems and Policies and the Implication for the 
Development of International Law. Workshop Papers. 
(L.M. Alexander and G.R.S. Hawkins, eds.) Univ. 
Rhode Island, Law of the Sea Institute. Kingston 
Ppa e2y 5 Ls 


Kuhnhold, WW. 1970. 
The antluence of crude o1ls on fish fry. in: 
FAO Technical Conference on Marine Pollution and 
its Effects on Living Resources and Fishing. Food 
and Agriculture. Organization of the United Nations, 
Dec. 99=18i 019707 eRomes 


bewis,> vhs 2 els . . 
Effect of crude oil and oid spill dispersantsvon 
roeflcorals Star. (Polieepult 2 (4)459-62e 


Manwell, C., and C.M. Baker. | 1967. 
O11 and detergent. pollution. The Journal of the 


Sek 5. We 


Devon Trust for Nature Conservation. (Supplement): 
BS Om Fi 20s 


McKee, JH: 91956. 
Oily substances and their effects on the benefi- 
Clal Uses: Of Water. erPubl. Now 6, CalrelaeState 
Water Pollution Control Bd., Sacramento. 


McLaren, I.A. 1964. 


Marine life in Arctic waters. In: The Unbelievable 
Land (1sN.S. Smith, “Ed.). Queen's Printer, Ottawa, 
pp.) 93-917. 


MironeverO.G. GiS6i7. 
The effect of oil and oil products upon some mol- 
luscs in the Littoral zone of the Black Sea. 
ZOOL. eG h46t 54-1368 


Mironov, 0O.G. 1969. 
The effect of oil pollution upon some representa- 
tives of the Black Sea zooplankton. Zool. Zh. 
48:980-984. , 


Mironov, O<G.> 1970: 
The effect of oil pollution on flora and fauna 
of the Black Sea. In: FAO Technical Conference 
on Marine Pollution and its Effects on Living 
Resources and Fishing. Food and Agriculture 
Organization, of the United Nations.» Dec. 9-13, 
1970, Rome. 


Naylor, ha loG5. 
Biological Effects on a Heated Effluent in Docks 
at Swansea, South Wales. Proc. Zool. Soc. London 
144:253-68. 


Nelson-Smith, A. 1968. 
The effects of oil pollution and emulsifiers clean- 
Sing on shore life in Southwest Britain. J. Appl. 
HCO. Se S07 


Nelson-Smith, A. 1970. 
the problemeor. oil pollution ot thegsea. sAdg. 
Main. “b1O.,, 26.22 lo-S064 


Nelson-Smith, A. 1973. 
Effects of oil on marine plants and animals. In: 
Water Pollution, by O11... (Pi. Hepple, scarcor) eine 
Institute of Petroleum, London pp. 273-280. 


North, W.J., M. Neushul and K.A. Clendenning. 1964. 
Successive biological changes observed in a marine 
cove exposed to a large spillage of mineral oil. 
Symp. Poll. Mar. Micro-org. Prod. Petrol. Monaco, 
DD. 355-504. 


COCtwayiiio.) go.) la) elhe comparative: tox7citi1esmorrmde 
Olis.. “In: “The Ecological Effects of 0145 Pollution 
on Littoral Communities. (EB. Cowell, (Ed) etre 


Institute of Petroleum, London, pp. 172-180. 


Perkans,, fede L972. 
Some problems of marine toxicity studies. Mar. 
Poll Bude 31) sa. 


SCabract pe Dew. |. oi.0%, 
Sublittoral biological survey team summary report 
May 13,.1970. Unpublished report... Fisheries 
Research Board, St. Andrews, New Brunswick. 


SNe COM a ik. Gees OH Ls 
Effects of oil and oil dispersant on the marine 
envi ronment... Proce. Soc. (Baw i442 


SUMLEN ow em (ed) a) 0: 
t!Torrey Canyon” Poldution and Marine sli te: sek 
Report by the Plymouth Laboratory of the Marine 
Biological Association of the United Kingdom, 
Cambridge University Press, 196 pp. 


Spiegel, MR. 1961. 
Theory and Problems of Statistics. Schaum Publ ., 


New York. 


- 96 - 


Tegelberg, H. 1964. 
Washington's razor-clam fisheries in 1964. Rep. 
Wash. State Dept. Fisheries, 74:53-56. 


Thomas sM duets lo nO. 
Effects of Bunker C oil on intertidal and lagoonal 
organisms in Chedabucto Bay, Nova Scotia. 
Unpublished Report. Marine Ecology Laboratory, 
Dartmouth, Nova Scotia. 


Van Overbeek, J. and R. Blondeau. 1954. 
Mode of action of phytotoxic o1ls. Weeds, 3:55-65. 


Vernberg, W.B. and F.J. Vernberg,. 1972. 
The synergistic effects of temperature, salinity 
and mercury on survival and metabolism of the adult 
fiddler crab, Uca pugtiator. . Fish.” Bulls UlS- 
70:415-420. 


Wardley-Smith, J. 19682 
Problems in dealing with oil pollution on sea and 
lands Ins Scientific Aspects of Pollution oF 
the Sea by Oil. P. Hepple (ed.) Institute of 
Petroleum, London, pp. 60-67. 


Wells, P.G. 1972. 
Influence of Venezuelan crude oil on lobster 
larvae. Mar. Poli Bulls 3:7) 105-106. 


Wilder, D.G. 1970. 
The tainting of lobster meat by Bunker C oil alone 
Or in combination with the dispersant Corexit. Un- 
published Report. Fisheries Research Board of 
Canada, St. Andrews, New Brunswick. 


ZALCKO, V. and W.eV. Carson. ©1970, 
Project oil chemistry reports. Unpublished Report. 
Fisheries Research Board of Canada, St. Andrews, 
New Brunswick. 


cae ae 


TABLE. FLV 
Observed and Expected Distributions of 


Gammarus oceanicus in Oiled and 


Unoiled Zones During Each Run 


TOTAL 


Ont OILED COUNTS als OBSERVED counts COUNTS ¥ 
Lie: ZONE _ O04 ¢ COUNTS e' C eee 
A éP: a 30 220 256 64 12 24.08 
7 Se b 45 vb) 224 56 168 23080 
AuP. a 48 208 256 64 LG 2 5223 
AMP’, d 48 25.5 303 76 228 LS. toe 
N.W a 44 228 PAG IP) 68 204 ed 3,0 
N.W b eM | oe 255 6338 Lee Ope, 
N.W Cc 50 205 255 62.9 U9 1122, 3390 
N.W d 63 193 256 64 WE)? 0.02 
Ve a i. 139 256 64 192 L202 
Ve b 58 198 250 64 £92 O15 
Ve 2 44 22 256 64 192 8.38 
Ve d 53 206 259 64.8 LO A225 
COUNTS 0' = observed counts in oiled zone. 

COUNTS Oe = observed counts in control zones. 

COUNTS e" = expected counts in oiled zone. 


| 


COUNTS en expected counts in control zones. 
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TABLE, FN 


Observed and Expected Distributions of 
Onisimus affinis in oiled and unoiled 


zones during each run 


OIL OILED COUNTS coun TOTAL COUNTS rebeees 
TYEE ZONE | OF E COUNTS e! 8: 
A.P. a 23 23.3 256 64 EG 
A.P. b a 284 SES hes 236.12 
A.P 3) 34 258 Zo 73 7S) 
A.P d 88 erg 307 Toso 2502 
N.W. a 87 265 352 88 264 
N.W. b 34 274 308 Ga ao 
N.W.. c 20 252 PS 68 204 
N.W. d 58 Z91 349 oil er 262.0 
Ve a 58 244 SO ouo 226.0 
Ve b 47 Phe 304 76 228 
Ve c 48 240 288 He 216 
Ve d 72 229 304 76 228 
COUNTS 0' = observed counts in oiled zone. 
COUNTS Oe = observed counts in Control zones. 
COUNTS e' = expected counts in oiled zone. 
COUNTS e = expected counts in control zones. 
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TABLE VI 


Observed and Expected Distributions of 
Mesidotea entomon in oiled and 


unoiled zones during each run 


DULG OLUEDCOUNTS| =< t= Hen) Gomuiy COLE , 
wyYEE . 4ONE . 0° c COUNTS ee c ae 
ALP. a 64 £99 PANS: 64.8 198 7200 004 
A.P. b 61 Ziel. Ze 68 204 0.916 
Pee Ps. c 58 197 255 63.8 Loi. 2) 2 0.70 
A.P. d Le 199 272 68 204 0.49 
N.W. a 55 184 239 59.68 LOR 2 Oreo L 
N.W. b 50 190 240 60 180 eee 
N.W. ie 49 ZF, 256 64 LOZ 4.69 
N.W d Bie 204 20 64 192 500 
Ve a he 200 242 68 204 OC EG 
Ve b 54 218 202 68 204 3.84 
Ve e 61 206 267 66.8 200 2) 207 oF 
Ve d 78 3 204 67.8 203 ot ee ue 
COUNTS 0' = observed counts in oiled zone. 

COUNTS vp = observed counts in control zones. 

COUNTS e' = expected counts in oiled zone. 

COUNTS e = expected counts in control zone. 
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SUMMARY 


A 12-day cruise on the "North Star of Herschel 
Island" was carried out in the south Beaufort Sea in late 
July of 1973. More than half the planned sampling sta- 
tions were not reached because the sea-ice remained within 
about 25 miles of shore along much of the coast. Conse- 
quently only inshore waters were sampled. 


Temperature and salinity distribution in the 
south Beaufort Sea showed conditions typical of waters 
off the mouths of large rivers. Relatively warm water 
of low salinity was found to extend from the river mouths 
Over underlying colder, more saline water. Phosphate- 
phosphorus, nitrate-nitrogen and silicate-silicon, found 
to be most abundant in surface waters nearest river 
mouths, were obviously contributed to the Beaufort Sea 
from the Mackenzie River. Oxygen and chlorophyll data 
indicated a low inshore primary production rate. It 
is.concluded, that. lack of light for photosynthesis, 
brought about by high river-contributed turbidity, was 
probably the major limit on production in the nutrient- 
rich inshore waters. 


At least 45 zooplankton species were found in 
the south Beaufort Sea. Their number suggests a greater 
faunal diversity than most of the region in fact supports. 
At 75% of the stations there were only 13 species found 
in all. However, at the two stations with the greatest 
diversity there were 36. The relatively large number 
of low-diversity stations appear also to have supported 
a low biomass. They were in the region of maximal Mackenzie 
River influence during the last week of July, 1973, and 
the few species (crustaceans Cyclops, Limnocalanus, 
Eurytemora, Mysis, and a few others) are characteristic 
of fresh to moderately brackish water. A few of the 
species were probably contributed directly from the river, 
Surviving, at least for a time, the low-salinity surface 
waters. Nearest to the river mouths the occurrence in 
late July of developmental stages of copepods suggests 
that some others may not have developed in the waters 
where they were collected. There are several indications 
of a very low rate of production of zooplankton immediately 
off the river mouths. Farther off shore, species diver- 
sity was greater, in association with "oceanic" water, 
in which river influence was probably insignificant. 

Young developing stages of crustaceans as well as an 
apparently greater biomass point to a higher rate of 
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production of zooplankton than may occur nearer the 
fresh waters. 


The balance between nutrients, plant and animal 
plankton is precarious in much of the south Beaufort Sea 
region, depending upon a varying mixture of river water 
and offshore influences. The river influence is extensive 
and variable. It is to be expected that modification 
beyond the present annual variations in river flow and 
in the content of river water will change the quantity 
and composition of the planktonic flora and fauna of a 
large area of the south Beaufort Sea adjacent to the 
Mackenzie River delta. 
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INTRODUCTION 


During the last 12 days of July of 1973, the 
"North Star of Herschel Island" was chartered for an 
Oceanographic cruise in the south Beaufort Sea. Seven- 
teen stations were occupied (Fig. 1) to gather information 
on water temperature, salinity, dissolved oxygen, nitrate, 
phosphate, silicate, chlorophylls, particulate and dis- 
solved organic carbon, bacteria and benthic and planktonic 
plants and animals. The object of the study was to 
assemble data on the biological oceanography of the 
Beaufort Sea in the vicinity of the Mackenzie delta, 
to define selected features of the present marine system. 
Only by having an understanding of the contemporary, 
relatively undisturbed state of such an ecosystem can 
we expect to recognize and appreciate changes in it. 
Construction taking place in the Mackenzie River may 
influence conditions downstream from activity sites, to 
the delta and into the south Beaufort Sea. Knowledge 
of present conditions in the south Beaufort Sea will 
permit measurement of changes and estimation of their 
relevance to the marine ecosystem of the river mouth 
area. To this end, emphasis in the study was placed on 
assessment of river contributions to the system and the 
rather delicate and variable balance which exists between 
the river influence on the one hand and the offshore 
Marine influence on the other. The sum of these opposing 
factors seems to determine the pattern of much of the 
biological structure of the south Beaufort Sea at any 
one time. 


RESUME OF CURRENT STATE OF KNOWLEDGE 


The present state of knowledge of the marine 
ecosystem of the Beaufort Sea is deplorable. This sea, 
bordering land of both Canada and the United States, has 
been almost totally ignored by oceanographers until very 
recently. The first oceanographic paper on the region 
appears to be Tully's (1952) in which data collected on 
H.A. Larsen's historic first return journey through the 
northwest passage on the R.C.M.P. vessel "St. Roche’ were 
given. . Tully showed that relatively cold (0.2 - 5.59C) 
and brackish (3 - 9% ) water existed between Point Bar- 
row and Liverpool Bay, with warmer and much saltier 
water (to 31.6%<s) to the west, and similarly cold but 
again more saline (water to 30.7% ) to the east. The 
relatively brackish water in the middle region was 
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of course related to the outflow of the Mackenzie River. 
Cameron (1953), following two cruises by the Calcolim II 
in the Beaufort Sea, described the net circulation in 
the south Beaufort as anticlockwise, with low salinity 
(Mackenzie) water moving eastward along the coast, and 
higher salinity water following in behind it from the 
northwest to mix with river water in Mackenzie Bay. 

Wind was given as the primary factor in influencing the 
distribution of low-salinity (Mackenzie) water in the 
south Beaufort Sea. Coastal salinities relevant to the 


Mackenzie outflow were offered by Henoch (1969). De- 
tailed inshore oceanography, mainly confined to Tuktoyaktuk 
harbour, was discussed by Barber (1968). Data from far- 


ther off shore, principally on temperature and salinity, 
were supplied by U.S. Navy Hydrographic Office (1954) and 
Batley (1957): Interactions of the Arctic Ocean and ‘the 
Beaufort and other peripheral seas were discussed by 
Coachman and Barnes (1961, 1962, 1963). 


No published account of nutrients has been found 
for any part of the south Beaufort Sea, the only truly 
comparable data so far being from off northern Siberia in 
the vicinity of the Lena River mouth (Codispoti and 
Rrcherds 1966) ..~ Gudkovich (1955), English’ (1961) and 
Kinney, Arhelger and Burrell (1970) have given nutrient 
data from the Arctic Ocean north of the Beaufort Sea, but 
their information came from deep, offshore water far dis- 
tant from the delta coastline. Mackenzie River nutrients 
are available from Reeder, Hitchon and Levinson (1972). 


Published accounts of phytoplankton of the re- 
gion appear to be limited to Mann's (1925) report on 
dracons.of the Canadian Arctic Expedition of 1913-18. 
Later, Bursa (1963) discussed general phytoplankton of 
north Alaska, to give the only ecological data on these 
plants in the Beaufort Sea region. Benthic plants (algae) 
were considered by Collins (1927), “and the paucity of "data, 
especially in the western Canadian arctic, was brought 
out quite recently by Lee (1973). There appear to be 
no published data’ on “chlorophylls in -the “south Beaurore 
Sea. For benthic animals a few scattered collections 
were made along the north coast of Alaska and closer to 
the Mackenzie before MacGinitie's (1955) excellent account 
of the marine invertebrates of north Alaska. The most 
notable among the earlier works were several papers 
arising from the Canadian Arctic Expedition, in which a 
few collections of several taxonomic groups originating 
in the area of interest here were described. Almost no 
quantitative data were assembled on the benthic fauna, 
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however, and no information was available for the assess- 
ment of stocks or production rates. Zooplankton was 
somewhat better covered, and as many as 27 papers pertain- 
ing to the Beaufort region were reported by Shih, Figueira 
and Grainger (1971). 


STUDY AREA 


The central part of the south Beaufort Sea was 
chosen as the site for this study, designed to take place 
off the coast extending from the Mackenzie delta westward 
to Herschel Island and eastward to Cape Dalhousie. It 
was intended to have an irregular line of stations along 
the coast and to run four lines of stations seaward about 
70 miles from the near-shore line. At the time of the 
cruise, however, sea-ice was unfortunately close to the 
Shore (see Fig. 1) and all the outermost stations had 
to be abandoned as a consequence. 


The central part of the south Beaufort Sea 
is characterized by fairly warm and low-salinity water 
inshore, and cooler, more saline water offshore. It is 
in many ways typical of sea areas off large river mouths 
everywhere, having river-contributed features spreading 
seaward over deeper oceanic influences below. River flow 
is dominant in giving the south Beaufort Sea its iden- 
tity. River flow and varying winds are probably most 
important in bringing about variations in the distribution 
of offshore features of the Beaufort Sea in the region 
of the Mackenzie delta. It is an arctic marine region, 
and it is ice-bound during much of the year. This means 
light penetration and vertical mixing are restricted and 
that production is limited. to. & fairly brie pertoduoet the 
year. These factors govern to some degree what should 
be measured in such a system and what the timing of ob- 
servations should be. The investigations of 1973 were 
expedient; further work should take better account of the 
special features of the study area. 


METHODS AND SOURCES OF DATA 


The samples from sub-surface depths were col- 
lected with non-metallic 5-litre Van Dorn bottles or 
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1.7 litre Niskin bottles. Surface sampling was done 

with a plastic bucket. Light penetration was measured 
with a Secchi disc. Dissolved oxygen was analysed in 

BOD bottles, within a few minutes of collecting, using 

a YSI model 54 oxygen meter and a magnetic stirrer. 

Water temperature and salinity were measured in situ 
with a YSI model 33 S-C-T meter. Water samples for 
chlorophyll were filtered immediately after their collec- 
tion through HA Millipore filters, which were kept 

frozen and dark over silica gel until later extraction 
and analysis of chlorophylls. The remaining water for 
chemical determinations was kept frozen until later analy- 
Sis. Phosphate-phosphorus, nitrate-nitrogen, nitrite- 
nitrogen, silicate-silicon and particulate organic carbon 
were determined according to the methods of Strickland 
and Parsons (1968). The slower and far more laborious 
tasks of plant and animal identifications and counts 

were conducted (and are still being carried out) under 
standard laboratory conditions. 


RESULTS 


1. Physical Oceanography 


Data on temperature and salinity are given in 
Table 1, and the same two features are shown in Fig. 2, 
and combined in a temperature-salinity diagram in Fig. 3. 
Highest temperatures and lowest salinities are clearly 
associated with the Mackenzie River outflow. In Fig. 3, 
polygon A represents observations made in the upper three 
metres “Of nine stations (526, 527 and 534 to 540) closest 
to river outflow. Polygon C includes observations at 
the bottom of station 537 and at intermediate depths of 
stations 541 and 542. Polygon D comprises all observa- 
tions below 10 metres’ at stations 532, 533, 54), 542 and 
543 74the stations farthest from direct river influence. 
Water from the upper 10 metres at three of the same sta- 
tions (532, 533 and 543) is shown in polygon E. Polygon 
B includes all other observations. The pattern is clear 
and consistent. Warmest and least saline water occurs in 
the surface layers of the stations closest to the river 
mouths. The coldest and most saline water is found in 
sub-surface depths at the stations fartherst from fresh 
water. Other collection points are intermediate. These 
observations have particular relevance here because they 
run parallel to biological features, below. 
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Phosphate-phosphorus in the upper five metres 
(Fig. 4) is-distributed in an orderly pattern; swith 
maximal values immediately off the river mouths, and 
progressively smaller quantities in seaward directions. 
Profiles (Fig. 5 and 6) show progressively less phosphate in 
the whole water column as one moves eastward along the 
Tuktoyaktuk Peninsula. Offshore from Cape Dalhousie, 
an increase appeared in the deeper water of the two 
outermost stations, as it did below about 30 metres at 
the station near Herschel Island. Nearly all phosphate 
values determined from the south Beaufort Sea were 
substantially higher than those found at the same depths 
and during the same period of time in the Eskimo Lakes. 


Nitrate-nitrogen in the upper five metres 
(Fig. 7) also shows an impressively orderly pattern of 
diminishing values along seaward lines from river mouths. 
Profiles of nitrate, in the same three sections as were 
used to show phosphate, illustrate reduction in quantity 
at all depths in an eastward direction along the coast 
of Tuktoyaktuk Peninsula (Fig. 8 and 9). Offshore from Cape 
Dalhousie, all samples from depths less than 20 metres 
showed no detectable nitrate, while slightly deeper, a 
high of more than 3 mg-at/mg3 appeared. Between the 
Mackenzie River and Herschel Island, high near-river 
values gave way to smaller quantities near Herschel 
Island in the upper water layers. In deeper water near 
Herschel Island, the highest nitrate values of the cruise 
were found. Nitrates determined at the same time from the 
Eskimo Lakes were fairly close at all depths to many of 
the Beaufort stations, with the exception of a few shal- 
low locations close to river mouths where nitrate was 
considerably more plentiful. This comparison differs 
interestingly from the one between Beaufort and Eskimo 
Lakes phosphate, in which all Beaufort Sea phosphate 
values were higher by a factor of several than those 
from the Eskimo Lakes. 


Nitrite-nitrogen quantities were consistently 
small, with most samples showing no detectable nitrite, 
and only two samples with more than 0.1 mg-at/m3. Posi- 
tive values were found only at stations 531-533 and at 
540-542. Zero readings were made at all depths of all 
other stations and above 10 metres at station 531, above 
10 metres at station 542 and above 20 metres at station 
541. Beaufort Sea nitrite values show a range almost 
identical with that found in the Eskimo Lakes. Alone 
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among the nutrients measured, nitrite showed no concen- 
tration at river mouths. 


Silicate-silicon (Fig. 10) also shows greatest 
abundance closest to river mouths. In profile (Fig. ll 
and 12), highest inshore and lowest offshore values appear 
at all depths, and there is not the clear indication evident 
with phosphate, nitrate and nitrite of relative abundance 
in deeper, offshore waters. The Eskimo Lakes were low 
in the upper water layers compared with all the Beaufort 
Sea stations, but they were comparable at greater depths 
with values found in the Beaufort Sea. 


3. ~Chlorophyt. 


The highest values of chlorophyll a (all near 
the surface) were generally at stations close to dis- 
charging river mouths, the lowest at points farthest 
from the river mouths (Fig. 13). Stations nearest the 
river had distinctly higher values than were found at 
the Eskimo Lakes during the same period of time, but 
those farthest from the rivers had less chlorophyll a. 


4. Dissolved Oxygen 


Dissolved oxygen was least near the river mouth 
and most abundant at offshore stations (Fig. 14), and 
values were close to those at the Eskimo Lakes during 
the same period of time. In profile (Fig. 15 and 16) 
oxygen levels are shown to have been highest not only off 
shore, but well below the surface at the deeper stations. 
The only subsaturated waters were adjacent to the river 
mouths, at most depths there. The highest saturation 
was found at 20 metres at stations 532 and 533, and from 
10 to 30 metres at station 542. Saturation values there 
exceeded 120%. 


5. Light Penetration 


Secchi disc readings were used to determine 
the depth of penetration of 1% of the light reaching 
the surface of the sea. The wide range of values, with 
a clear pattern of extremely low levels near the shore 
is shown in Fig. 17. 
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6. Zooplankton 


Data on zooplankton collections are given in 
Table; 2: At least 45 species were recorded, dominated 
by 18 copepods. The total number of species may suggest 
a greater faunal diversity than most of the region in 
fact supports. At 75% of theystations there were only 
13 species found in all. However, at the two stations 
with the greatest diversity there were 36. The rela- 
tively large number of low-diversity stations appear 
also to have supported a low biomass. They were in the 
region of maximal Mackenzie River influence during the 
last week of July 1973, and the few species (crustaceans 
Cyclops, Limnocalanus, Eurytemora, Mysis and a few others) 
are characteristic of fresh to moderately brackish water. 
A few of the species were probably contributed directly 
from the river, surviving, at least for a time, the low- 
salinity surface waters. There are several indications 
of a very low rate of production of zooplankton immedi- 
ately off the river mouths. Farther off shore, species 
diversity was greater, in association with "oceanic" 
water, in which river influence was probably insignificant. 
There is evidence of a higher rate of production of 
zooplankton there than may occur nearer the fresh waters. 


Most of the species show distribution patterns 
which indicate dependance mainly upon salinity. Calanus 
(two species) were all restricted to the stations farthest 
from the river mouths, those with the highest salinity 
(Fig. 18). These are characteristically "oceanic" ani- 
mals, not found in pronounced estuarine conditions. (The 
Sizes of the black symbols in Fig. 18-21 denote numbers 
of individuals per cubic metre of water samples. See 
Fig. 19 for explanations. The horizontal bars separating 
symbols for stations 541 and 542 separate paired symbols 
for these stations, the upper representing the upper 10 
metres, the lower, greater depths at the two stations.) 
In Fig. 19, the essentially freshwater genus Cyclops is 
shown, numbers ranging from more than 1,000/m3 at ‘Tuk 
to zero at the most remote stations. Eurytemora herdmani 
and Limnocalanus macrurus are low-salinity species, both, 
but one rather more than the other, showing preference 
for river-mouth waters (Big, 20 “and 21)¢ 


DISCUSSION 


The importance of the Mackenzie River in 
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determining many of the physical-chemical qualities of 
the inshore Beaufort Sea is shown. Temperature and 
Salinity distribution indicate relatively warm, low- 
salinity water flowing outward from river mouths over 
underlying colder, more saline water. Variations in 
area and thickness of the overlying river water are not 
indicated by this single set of observations. It has 
been suggested from past observations, however, that they 
have been brought about mainly by changes in wind velo- 
city. Because July of 1973 was a month of fairly quiet 
weather, without prolonged and constant winds during the 
weeks immediately preceding the collection of these data, 
they may be interpreted as indicating a fairly normal 
condition in the south Beaufort Sea. 


Measurements of phosphate-phosphorus are the 
first reported from these waters. The Russians evidently 
were the first to give nutrient measurements from the 
Beautort—Chukchi area, but from far north of the reqion 
of primary interest here. Gudkovich (1955) supplied 
data on phosphate collected in April between 75 and 80°N. 
In the upper 50 metres, PO4-P was found to be consistently 
close tomiig-at/il. Data from Drift Station Alpha (English 
1961) from August showed PO4-P between 0.57 and 1.14 
ug-at/l in the upper 50 metres, and from north of the 
Beaufort Sea in winter (Kinney, Arhelger and Burrell 
1970) showed PO4-P at about 0.8 to90.9 Yq-at/a inthe 
upper 50 metres. In the three reports above, maximum 
phosphate quantities for the total water columns inves- 

EI gacLeay ranging from the surface to between 400 Rand 
4,000 metres, varied only from 2.00 to 2.13 ug-at/l and 
were at either 125 or 150 metres depth. 


TE WS3not Surprising tO fine a wider ranges) 
the near-surface waters closer to shore, especially in 
the vicinity of large rivers. Valuable comparative data 
come from the report by Codispoti and Richards (1968) on 
nutrients of Siberian coastal waters. There the range 
of Summer values was <0.1 to about 1.5 ug=-at7l an the 
upper two. to three metres, and <0.5 to about 3.0.9-at/1 
at the bottom. These are higher values than were found 
in the south Beaufort Sea. In both regions, rivers (the 
Lena and Mackenzie) were shown to have important effects 
upon nutrient distribution, highest values occurring in 
proximity to’ the river mouths. 


There is some information available on phosphate 
present in fresh waters in the Mackenzie delta region. 
Thirty-six samples from various rivers, streams and tundra 
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ponds mainly south and east of the Eskimo Lakes and Liver- 
pool Bay were analysed for various components including 
PO4g-P vin date July Of 1973.  Thewrange was 0 COr0. 57 
ug-at/l. Reeder, Hitchon and Levinson (1972) found, from 
101. stations in the Mackenzie drainage area, a PO, range 
Of <0.10 — 0.09;mg/l ( POg=B Of 0. 100 Sagas), 
and from a single station in the Mackenzie River where it 
enters the delta, and from where the river's contribution 
to the sea may best be assessed, <0.01 mg/l POqg (= <0.10 
Ug-at/1l -PO4-P). * All these are Signaticantly lower (than 
the Highs oOf"nearly 1.5 Wg-at/1 PO, -F found ear the 
surface in Mackenzie Bay and off the east branch of the 
Mackenzie River, and in sub-surface water at the stations 
farthest from shore. 


Nitrate-nitrogen values were also formerly 
unknown from inshore Beaufort waters. Gudkovich (1955) 
found April quantities between 0.7 and 1.4 ug-at/l in 
the upper 50 metres north of the Beaufort-Chukchi region, 
English (1961) a range of 0.4 to 1.7 ug-at/l in the 
upper 50 metres at station Alpha in August, and Kinney, 
Arhelger and Burrell (1970) about 1.0 ug-at/l in the upper 
50 metres in winter in the north Beaufort Sea. Highest 
nitrate quantities found in the total water columns 
sampled by the authors above were between about 11 and 
17 ug-at/l, between 150 and 200 metres down in columns 
ranging in depth from 400 to 4000 metres. 


As with phosphate, a wider range of values 
may occur nearer shore, in proximity to river mouths, as 
shown by Codispoti and Richards (1968) on the Siberian 
coast. There, in summer, they reported a range of <0.5 
to >2 yg-at/l NO3-N in the upper five metres and bottom 
values of <1 to >15 wog=-at/l« Both surface and: bottom 
amounts were greatest at stations closest to the Lena 
delta. Values were higher than those found off the 
Mackenzie delta (range of the latter, 0 - 9.5 ug-at/l), 
but showed the same kind of distribution pattern with 
respect to the river mouth. 


Nitrate was found in rivers, streams and tun- 
dra ponds south and east of the Eskimo Lakes in late 
July to be from 0 to 0.7 ug-at/l. Reeder, Hitchon and 
Leninson (1972) reported a range of values in the Mackenzie 
drainage’ area of <0.01 — 0.77 mg/l NOa Mi -O.272 124 
ug-at/1l NO3-N), and in the Mackenzie where it enters the 
delta 0.28 mg/l NO3 (= 4.5 ug-at/l NO3-N). These are 
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all lower quantities than the maximum found in the south 
Beaufort Sea, where the highest levels were found near the 
bottom at the stations farthest off shore. 


Nitrite from the south Beaufort Sea varied in 
quantity between 0 and 0.14 ug-at/1 NO5S-N= (Gudkovich 
(1955) found 0.04 = 0.21 wg-at/1, and English (1961) 
O-01>-— 70208 yg-at/l inethe upper 50 metres north of the 
Beaufort Sea. Rivers, streams and tundra ponds south 
and east of the Eskimo Lakes showed a range of 0 - 0.41 
ug-at/l in late July, and these appear to be the only 
data available from nearby terrestrial sources. 


Silicate-silicon quantities in April reported 
by Gudkovich (1955) were 11 to 18 ug-at/l in the upper 
20 metres. The data from English (1961) gave a range of 
3 to 9, and from Kinney, Arhelger and Burrell (1970) 5 
to 10 ug-at/l in the upper 50 metres. Highest values 
of all depths at these locations were found between 27 
and 57 ug-at/l, at 150 and 180 metres. Nearer shore, 
off the Siberian coast in summer, Codispoti and Richards 
(1968) sftoundsa rangesof =<10 ‘to +30 uUg-at/i inethetupper 
S-metres;, “and of <107to">50 -at “the bottom, with highest 
quantities at all depths being found closest to the Lena 
River delta. These levels were very close to what was 
Eournd in the ‘south, Beaufort Sea; 2.8 to 38.8 lq=<at/l at 
all depths. 


Silicate found in the rivers, streams and tundra 
ponds south and east of the Eskimo Lakes ranged from about 
7 to 62 ug-at/l. Reeder, Hitchon and Levinson (1972) 
Founda rangesor O.37——"7.6 mg/l S100) (—="Sheeb27 g-ata 
Si) in the Mackenzie River drainage area, and a value 
Oris .5 emg 14SVO>- (= 50sug-at/l Si) inyvthe Mackenzie River 
where it joins the delta. It is perhaps important that 
the quantities given here from terrestrial sources are 
considerably higher than those found in the adjacent sea, 
which is quite different from what was found with other 
nutrients, which were more plentiful in the sea than in 
contributing rivers. 


In date July ‘the quantity of jchlorophylj-ajin 
the Eskimo Lakes was about 50% of maximum values which 
were found at the end of June. Because ice break-up off 
the mouths of the Mackenzie took place at about the same 
time as it did in the Eskimo Lakes, it is to be expected 
that the period of highestaquantity of chlorophyll a -re- 
fleceing in sity photosynthetic activity occurred at 
close to the same time in both locations in 1973. In 
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late July, however, chlorophyll levels at the inshore sta- 
tions were too high to have declined from a reasonable 
maximum a few weeks earlier. At the same time, levels 

at stations farther off shore were low, similar to contem- 
porary conditions in the Eskimo Lakes, and reasonable 
residues of a phytoplankton bloom a few weeks earlier. 

The most plausible conclusions which can be drawn from 
conditions at the inshore stations are either that there 
is sustained production just off the river mouths, or that 
there is a constant replenishment of chlorophyll from the 
outflowing river. 


The low level of inshore oxygen suggests an 
extremely low rate of plant production, on the basis of 
comparison with conditions in the Eskimo Lakes. This 
is in contrast with the higher offshore quantities, which 
are closer to the level expected in waters supporting 
even a fairly low rate of primary production. Oxygen 
levels at the river mouths at the sampling time therefore 
do not support the suggestion of sustained plant produc- 
tion of any consequence immediately off the river, 
leaving river contribution at the best explanation for 
the moderately high chlorophyll a readings there. 


Nearly all the inorganic nutrients measured, 
phosphate, nitrate, silicate, showed highest surface values 
at river mouths, lowest at stations farthest off shore. 
These are characteristic features for phosphate, nitrate 
and silicate of estuaries and off large rivers, and accor- 
ding to Emery and Stevenson (1957, p. 693): "The rela- 
tively high concentration of nutrients in estuaries and 
lagoons is evidently the result of nearness to the supply 
provided by the land runoff and the continuous replace- 
ment of nutrient-rich water to growing plants." Phosphate 
and nitrate show another set of high values, in the deep 
water of stations 532, 533’ and 542. ‘There is less ‘evadence 
of this“in the distribution of silicate. 


Chlorophyll a is most abundant at the surface 
near the river mouths, least plentiful off shore at the 
surface and in deeper waters. This condition (at the 
surface) was found by Riley (1937) off the Mississippi 
River mouth and by Ketchum (1967) in New York Bight, 
off the mouths of the Hudson and Raritan Rivers. 


According to Ketchum (1967), estuaries may be 
fertilized by (1) river waters leaching plant nutrients 
from soil and carrying them to the estuary, (2) pollu- 
tion, contributing extra nutrients, and (3) subsurface 
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counter currents delivering deep nutrients from below 
Ene-~cupniotlc. zone to tne. surtace, Thestirst of these 
appears to be clearly applicable to the south Beaufort 
Sea, and regarding nutrients there, there seem to be at 
least two significant questions. Do high nutrient 
levels at river mouths reflect high, continuing supply 
from rivers, low utilization of the supply in coastal 
Waters, Or both? And, what factor or factors function 
COflama te coastal production 1f nutrients are im second 
and continuing supply? 


Oxygen and? chlorophyll Vdatay led, tos thescon— 
clusion (above) that the primary production rate, at 
least during the early part of summer, was low in the 
waters immediately off the river mouths in the south 
Beaufort Sea. A low primary production rate of course 
will not put a strong demand upon available nutrients. 
It is suggested that high nutrient levels at the river 
mouths reflect a continuing supply from the rivers, a 
supply which is not used in any large measure by plant 
plankton in these waters. 


Nutrients are evidently not limiting at most 
of the south Beaufort stations, but light probably is. 
Fig. 17 shows the depth of penetration of 1% of surface 
light. The antense turbidity is clearly -shownyby the 
values. At all stations, except those farthest from the 
river mouths, light penetration was almost totally inhi- 
bited by the suspended matter in the water. Primary 
production in such waters is restricted to the upper 
few centimetres, and can be only very small under these 
Crreumstances.. Only at Statlons 532 -and, 505 CcaneDLo— 
duction be expected to be reasonably high on the basis 
OF avatlabie Wignte fOr pnotosyntnesis. sin tac! wawas 
not so at the time these collections were made, the 
phytoplankton bloom probably Naving Occurred’ earlier 
in the summer. Nitrate was exhausted in the upper 
waters, and chlorophyll a was very low. 


CONCLUSIONS 


ie The Beaufort Sea adjacent to the Mackenzie 
delta shows estuarine properties, with outflowing river 
water moving seaward from the various river mouths over 
an inward extension of marine water below. 
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2. Nutrients are contributed to the surface 
waters of the sea from the outflowing Mackenzie River, 
and Standing values Of PO,-P, NOs-N andi si near ste 
delta, at least in late July, are high. 


Oe Phytoplankton appears to be more abundant just 
off the delta than farther off shore. Values immedi- 
ately off the river mouths probably reflect mainly river 
transported plant material. 


4. Primary production appears to be low adjacent 
to the delta, in spite of plentiful nutrients, probably 
largely because of the high turbidity of the water 
which reduces light available for photosynthesis. 


Ds Primary production farther off shore is prob- 
ably generally higher than nearer the shore, during 
ice-free periods, because of relatively uninhibited 
light penetration and availability of nutrients from 
Sub-surface depths. 


o- Secondary production appears to be fairly low 
in the delta region, and to be greater in the clearer 
waters farther from shore. 


RECOMMENDATIONS 


The Beaufort Sea is a sump to the Mackenzie 
River. Certain events occurring in the river inevitably 
will be reflected subsequently in the Beaufort Sea. 
The most important forms of impact on the river which 
would influence Beaufort Sea conditions would be changes 
in river flow and in the composition of the river water. 
The second of these, changes in water composition, could 
follow upon additions of particulate matter or dissolved 
substances to the river. The extent of influence in the 
Beaufort Sea will depend upon the quantities of additives 
and their potency, as well as upon river flow and weather 
conditions in the delta region. The south Beaufort Sea 
is a sensitive area, subject to change by alterations in 
river properties. To prevent such changes in the sea, 
Changes in the river must be kept minimal. 
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NEEDS FOR FURTHER STUDY 


The extremely limited knowledge we have about 
Beaufort Sea biology has been mentioned several times 
in this report. Data used here originated mainly during 
a two-week period in a single summer season, and were 
collected only at a small number of near-shore stations. 
The survey should be extended into deeper water, to 
measure the full extent of Mackenzie influence. The 
full depth of water must be sampled, at least as far 
seaward as the edge of the shelf, to understand the 
oceanic influence off the delta. The time period of 
the study must be expanded, to include other times of 
the year, to follow the summer production period from 
its probable beginning in early summer to its probable 
end invearly autumn. "Conditions in winter, or at least 
near the end of winter just before summer activity begins, 
must be understood. 


To do this the opportunity is needed to reach 
the Beaufort Sea at the appropriate times of the year. 
This means use of a proper oceanographic vessel in summer 
and suitable aircraft for ice landings in winter and 
Spring. Standard oceanographic techniques are required, 
along with special knowledge of methods for working on the 
ice surface in winter. . 
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TABLE 1 


Physical and Chemical Data Collected 
in the South Beaufort Sea 
De dj. 


Physical a 
South 


Station: 526 


Station depth: 


Depth Temp. 
See ees 
0) Lie 
z} Ei. 3 
5 Pe 
| 4.6 
Depth cay 
_(m)_ (wg-at/1) 
0) 0.00 
3 0.00 
5 0.00 
7 0.00 


- 148 


Table ul 


nd Chemical Data Collected in the 
Beaufort Sea in July -of 19°73 


Date: 20/7 Time: 1640 GMT 
8m Air temo: .4.5-C Ssecchz= | /0.. 3m 
oe on oe Oxygen Oxygen Ag ee 

(~/oo) (m1/1) (3) (ug-at/1) 

228 6.8 91 @ 

Lon Tena 2S = 

a0 Pou a3 = 

L625 7 nk 87 = 
NO,-N = chanel POC 
(ug-at/1) (ug-at/1) (mg/m3) (mg/m3) 
AS 34.6 ZS = 
Orsi 34.4 Bird - 
Oa 11.4 2.50 = 
0.8 = 164 = 


=a 


Tables (conte. d) 


StacLon: 527 Dates «2077 Tame 2 ae SGM 
Station depth: 5m Airrtemp. 1 4L070CC) “Secchi: | Osan 
Depth Temp. eae Oxygen Oxygen chy a 
(m) (2e) (~/oo) (m1 /1) (3) (ug-at/1) 
0 6 5 es Garis 88 Ova2 
3 dG Es) reid, Pho) 101 1.47 
3) LO30 Ske (het! 100 O25 
- ~ . POC 
Depth NO, N NO, N Ch - : 
(m) (ig-at/l). (vgsat/i) (vgsat/l) mg7m)  img7 ms) 
0 Or700 2.4 30.4 2.49 514 
3 0.00 PLAY 21.4 2.20 293 
5 G00 Dik 6% eae Bs. 503 


aot gS ON 


Table*i (cont'd) 


Station: 529 Date: 22/77 Time: ~2lZ5, Gur 
Station depth: jm Air tempy: ""Gu7r-C. WSeccn1 0. om 
Depth Temp. eS Oxygen Oxygen POiee 
ny Hee) OP ene/os) (m1/1) (8) (ug-at/1) 

0 Bs oa) 18 oo Ora 

3 Sig 6.6 (ae: 98 0.74 

5 3.0 Cac Meee 99 Ono 

i 8.0 Ceo Ot LOL 0.63 
peeenee MOnaN NO,-N ee Chia a POC 
_(m) (ug-at/1) (ug-at/1l) (ug-at/1) (mg/m3) (mg/m?) 

0 0.00 1.4 Lice Pees 220 

3 0.00 Oxe7 Diam die OL 404 

5 O27 0:5 Lec 2514 1.43 409 


7 0.00 13 15.4 ae Ot Bus 


obo, 


Table 1 (cont'd) 


SLA LON we 5 290 Date: 2377 Time: 0130 GMT 
Station depth: [2m Air ‘temp t-) (559°C Secchi: 0) 3m 
Depth Temp. nen Oxygen Oxygen a 
ue eC (°/oo) (m1/1) (3) (ug-at/1) 

0 i hae) 950 ae, 99 Ore E 

i seek: 9750 = - - 

3 (begs) Deez ae NS, OF 6 

5 148) Peg) 8 sli LOZ OS 

7 VSS: ee = = - 

10 Hee hele) 8.0 es) Oui 7 
Toon oe NO3-N ss che el ag, 
sim) >. (Namae/1). “ugeat/l). sQigsat/l)yy me /me)e img 7a) 

0 0.00 hee s Lore 1.40 22 

1 s = = 2 

3 0.00 O20 LOS L239 278 

S 0.00 Oo) or 1.80 185 

7 Ss _ - - = 


10 0.00 0.0 Too 1.24 Eo 


Station: 


50 


Station depth: 


Depth 


(m) 


0 


1 


3 


=) 


Depth 
(m) 


0 


1 


Temp. 
(eC) 


NO,-N 


(ug-at/1) 


32.0 


fee bho Aaa 


Table 1 (cont'd) 
Date: 23/7 Time: 1540 GMT 
Om SONir tenes: 2a0€ Secchi: 0.7m 
ae Oxygen Oxygen Sane 
GOs) (m1/1) (3) (ug-at/1) 
8.8 S20 100 Oko 
8.8 = - - 
1056 Sick 101 0.06 
Ue bee Bcd 103 Gare 
iisleres: - - - 
Ed ce 104 0.225 
NO,-N oi Ch. 3 ae 
Mugeat/l) (ve-st/k) Amoyn) cmo/me) 
Oa UCase a ay ts 82 
oa 224 TOs L225 
0.0 20.7 oe 127 
0.0 jb oy 0.45 125 


Se 


Table (contd) 


Stations 531 Datesr 22877 Time: 1950 GMT 
station depth: 15m Air temp.: 9.5°C Secchi:  11,.0m 
Depth Temp. See EY Oxygen Oxygen i Nand 
ue Pace) PP N/ oo fe (may 1p (3) (ug-at/1) 
0 120 Zo sae 104 Oye 247 
1 6.8 13.8 - - - 
3 6.6 14.0 - - - 
% 675 Pal Bae 104 Oe 
10 O23 14.5 8.3 105 O13 
14 on ore Gav 104 GO tks/ 
pees NaN Og gg LPO 
_(m)_ (vg-at/1) (ug-at/1) (ug-at/1) mg/m") (mg/m") 
0 0.00 0.0 20.30 = JES) 
1 _ = 2 = = 
3 2 = s = u 
5 O00 O70 20 D226 teg 
10 Gs01 07.0 20.0 Ope 159 


14 0.00 0.0 1959 O39: nike hk 


sai 83 Bp 


Table 1 (cont'd) 


Stations 532 Date: 24/7 Time: 0045 GMT 
Station depth: 36m Air temp.: 10.6°C Secchi: 14m 
Depth Temp. a oe Oxygen Oxygen ge a 
(m) bes, &, (~/oo) (m1/1) (3) (ug-at/1) 
0 5.0 Paks gee ee Lis 0.42 
1 ae0 2Gon - - - 
3 50 ae Ae - = - 
5 “re Stas 8.3 i te GS 0.40 
7 aS ZT aS - = - 
10 3.6 Fa. Diese 9.0 dt By | D257 
15 220 a 0 les - - - 
20 0.4 S24e 5.8 j ieee | 0.78 
30 -0.4 3224 - - - 
BS =0'.5 3268 8.8 106 L543 
peBen NO.,-N NO3-N ax Chis a POC 
(m) (ug-at/1l) (ug-at/l1) (ug-at/1) (mg/m?) (mg/m?) 
0 602 0.0 fe 0.45 SL 
if 3 = = = a 
3 z a - = me 
5 O02 0.0 coo 0.33 171 
7 a ot oe sa me 
10 0.03 0.0 6.6 - 129 
20 0.08 O52 ee | 0.41 Zu 
30 - - - ae = 


30 C212 2.4 14.6 0.57 MO 


= ar 


Table 1 (cont'd) 


Station: 533 Date: 24/7 Time: 0420 GMT 


Station depth: 42m Air temp.: 8.5°C Secchi: 13.5m 


Dept Temp. Se gee Oxygen Oxygen hed Vi 
(m) (2G) (°/oo) (m1/1) (3) (ug-at/1) 
0 6.2 26.7 8.3 114 0.42 
3 6.1 26.7 = = = 
= 5.8 26.9 8.3 117 0.42 
7 5.7 26.9 = = _ 

10 5.0 27.8 8.5 113 0.44 

15 7 ip 31.8 = = = 

20 1.6 31.9 125 0.46 

30 -0.8 3227 105 1.26 

40 -0.8 eye: 102 1.26 

een NO.-N) NO-N ue Ch. ae 

(m) (ug-at/l) (ug-at/l) (ug-at/l) (mg/m) (mg/m) 
0 0.00 0.0 7.6 0.00 128 

3 Ps 4 4 2 & 

5 0.00 0.0 ES 0.32 142 
7 sk = = = a 
10 0.00 0.0 6.3 0.15 138 

15 - ~ - - - 
20 0.00 0.0 2.8 0.12 - 
30 0.14 cea 15.5 = 229 


pa 
o) 
(-) 
© 
(66) 
bo 
~~ 
fH 
ui 
J 
| 
ia) 
oat 
(>) 


SFioo.— 


Table 1 (eont“d) 


Station: 534 Date: 24/7 Times © 2505 GME 
Station depth: 7m Air tetip.2 17.8°C Secchi: 

Depth Temp. Salinity Oxygen oon PO,-P 
ne Sc * (°/oo) (m1/1) (3) (ug-at/1) 
0 a eS 1 er Tae Rs O08 

1 PEs Lied = = = 

5 Al ae Ay J «od a9 0.50 

5 OES) nS: ire: a3 agen Be 

7 5.4 2s: - - - 
pene NO.-N NO,-N a Chie ia POC 
_(m)_ (g-at/l) (ug-at/l) (yg-at/1) (mg/m3) (mg/m3) 

0 0.00 2.4 S350 i is 142 

7 S a = 2 Z 

3 0.00 Za 33.0 O57 Lt 

5 0500 Le 38.8 1.40 106 


ey 2 Bia 


Taptenl (cane 2d) 


Staton 535 Date: 25/7 Time: 2330 GMT 
Station depth: 6m Air temp.: 22.0°C Secchi: 

Depth Temp. Salinity tpn oo PO,-P 
ae se Cib YEN? /o0) (m1/1) (3) (ug-at/1) 
0 L430 aera ape, 96 Loo 

xb F350 Lee a = = 

S 8.0 Sree fips 0 ia ee 

5 6.3 728 7.4 89 ae? 5 
ae NO.-N NO4-N ee Chae POC 
_(m)— (ug-at/1) (ug-at/1)  (ug-at/1) (mg/m3) (mg/m?) 

0 D200 eek. 262k EP oe Oe S| 

1 Ms _ i A z: 

5 0.00 Peed: 16.6 ALAR She: 163 


Station: 536 


Station depth: 


Depth Temp = 
Bae) eee 
0 14.0 
th Or 9 
3 Sia 
5 5.4 
8 Tarts) 
Depth NOoa 
im) (iesar7t) 
0 0.00 

1 = 

3 0.00 
5 0.00 
8 0:3. 0:0 


= 158 - 


Tablet (contd) 

Date: 26/7 Time: 0300 GMT 
9m Air temow: -b9.0°°C soecch isa 0, om 
erse ee Oxygen Oxygen BOAae 

t/OC) (m1/1) (3) (ug-at/1) 
ey: 7.4 LOS C265 
1S - - - 
AS Teo 98 C250 
8.0 Sau 97 0. G0 
1038 epee a3 OneZek 
NO 4-N oe Gira POC 
ic (ug-at/l) (yg-at/1) (mg/m?) (mg/m 
229 32 iL9 = 
Dre 30.0 0.56 Le2 
Oe? ooroL 5 ar 138 
0.4 ZG 6 59 184 


oe 


fable. ds. (conttd) 
Sedation. —-53,/ Date: = 260/77 Time: 0615 GMT 
Station depth: 9m ALEStemp.2 216.006 Secchies Oe sim 
Depth Temp. Salinity Oxygen Oxygen PO,-P 
Bee eC) .. (°/o0) (m1 /1) (3) (ug-at/1) 

0 11.4 niga festa on = 

L lee A ~ _ = 

3 rac 128 died 2) 0.00 

5 4.9 8.0 Se JO) Oh O10) 

a ae | 8.6 - - - 

9 OC 24.4 ches) 25. Ors 2 
Depth NO.-N NO3-N Sa Chea POC 
_(m) (ug-at/1) (ug-at/1) (ug-at/1) (mg/m?) (mg /m”) 

0 0.00 2.0 LiL 1.66 Sis S) 

il = = = = = 

5 0.00 ae 8. = 1.40 Paae 

5 0.00 O26 E234 0287 0 110 

7 = »: z = 2 

2 Ow 2 Lime LBS) Ate. 0396 ae 


Se On 


Table . (cone) 

Station: 538 Date: 26/7 Time: 1905 GMT 
Station depth: 5m Air temp: 2L.0°C Secchi: 022m 
Depth Temp. Salinity Oxygen Oxygen PO,-P 
at” eC) (°/00) (m1/1) (8) (yg-at/1) 

0 L520 Ne Pe, 2) OZ 

if 14.7 Orek = - - 

3 Be pe Oz Tost 100 0.84 

.) Bis oD 4.6 Peas a1 Uo 
Depth = NO.-N NO3-N Si Chae POC 
—(m) (ugeat/1) (ug-at/l) (ug-at/l) (mg/m?) (mg/m?) 

0 0.00 2.4 23.4 Oe oF = 

i - = = a ‘a 

3 0.00 30 26.4 ae a 

5 0..00 oaehe 24.4 = = 


sec As 


Table 1 (COnC Ga) 


SeeclLonse. 539 Date: 26/7 Time: 2240 GMT 
Station depth: 3m. Air-temp.:./23.09C Seéccht-n00s2m 
Depth Temp. Salinity Oxygen Oxygen PO,-P 

0 Lt es a OE | ne EOS A Nr 3°, 

if A BY pe <0 = = = 

iS Ty Spat 0 hae h Tek 104 0.84 
Depth NO.-N NO-N Si Ch. a POC 


(mn) (ugrat/1) (wg-at/1) (ug-at/1) (mg/m?) (mg/m*) 


a - 
OO 


0 0.00 Sa PAT ae Sa = 


eye IS 


Table 1 (contd) 


Station: 540 Date “2477 Time: 0215 GMT 
Station depth: 4m Air etemps+ 9 2200.  Seccnu:oa0.2n 
Depth “Temp. W asalinityoyyOxy gens SOxygen, Mi Po Pee 
Mie ease) (2/00) (m1/1) (3) (ug-at/1) 

0 16.4 Ce 7.5 110 0.63 

1 16.3 Ona - - - 

3 14.6 O.1 726 106 0.38 

4 e297 10.5 1 99 0.48 
Depth NO,-N RO SN 0 eeu ken ep Oc ue 
_(m) (ug-at/1) (ug-at/1) (ug-at/1) (mg/m?) (mg/m?) 

0 0.02 3.5 R350 sie - 

I ~ = 7 Sd i 

3 0.00 a7 31.6 1.55 - 


= Las: = 


Table 1 (cont! d) 


Seacton.. (54a) Dates: @ 2/7 Time: 1840 GMT 
Station depth: 34m Air tempi: 12.0°C Secchi:s 1.0m 
Depth (Temp; |Salinity) Oxygen ) Oxygen |) )PO,;-P = 
PAC ee), Pie /co)s ant 7 eens (ug-at/1) 
0 LOO 6.8 Ss 3 109 0.00 
S ez0) 9%.0 - - - 
3) Crees 13.4 Sr6 101 Opeeie/, 
y Ibe) Gre - - = 
10 0.4 Zoe 029 LYS O57 
LD 0.0 20S - = = 
20 OE AL 80.0 oe BS 0.84 
30 = Oe 2051 open) 118 OF Ge. 
Depth NO,-N  NO,-N Si Chea POC 
dm) (ug-at/1) (ug-at/1) (ug-at/1) (mg/m?) (mg/m?) 
0 0.00 0.3 eae ae : 
3 = — - =< = 
5 0.00 0.6 20-2 ies 3 
7 . 2 a am 2 
10 Or 00 dg 3 13.4 One2 - 
5 = = = = z 
20 0.06 3.4 sR Uz - 


=i = 


Table lL (cont'd) 


Stacions!) (542 Date: = 27727 Time: 2310 GMT 
Station depth: 94m Air temp.: 10°C Gecchti+eo220m 
Depth Temp. Salinity Oxygen Oxygen § PO,-P 
0) Tick: 220 Ovens d i ogee ie: 
3 Tea) te 20 oe = = 
5 Bia) UA3 O23 13 Oxi 
7 Pee se aa - = = 
10 all es 29 65 LO.6 cel. 0.61 
20 “O.2 ot Paes) LOS Pe 0.65 
30 -0.1 305.9 LOS 127 1.09 
50 Oil Shine & imi pye 120 0.90 
ye eA ial 316456 oe | 114 Les 
90 het ue Wa Hoo he 9.4 ml = 
Depth NO2-N NO3-N Si Ch. 2 POC, 
—im)> Aigzet/)) ~“(o-ar/l), Avig=at7 2s) “tmg7ms): =tmg 7m) 
0 O00 Oi Be Pas | Oe9 162 
5 = = - = A 
5 0.00 Ore 1S Teas Ors OL = 
q = es ‘ 3 me 
10 Oreo Zo eee | 0.16 he 
20 O06 ans or 0.00 = 
30 0.08 te 14.0 = = 
50 0209 ome eS ara. = a 
Nhe 709 ~ 1bo.2 me - 
90 - O75 243 = = 


=) Oe 


Table 1 {COT a) 


Station. 043A Date: 23/7 Time: 2300 GMT 
Station depth: - Ain tempi) “lOs0SC “Secchi> c= 
Depth Temp. Salinity Oxygen Oxygen  PO,4-P 
Bae eC leo) (m1/1) (3) (ug-at/1) 
0 io 182.9 Ss = = 
3 On:2 Zon = = = 
5 ayer Py fee = = = 
10 4.8 PAS RES = = a 


igs) =f CHE Os) = = = 


EO Ona 


Table 1 (contd) 


Stavion.. 4568 Datesal zou Time: 2320 GMT 
Station depth: - Air temp.: 10.0°C Secchi: - 
Depth Temp. Salinity Oxygen Oxygen = § PO,-P — 
Aine Ao) oo) i (8) (ug-at/1) 
0 Pie A8 23720 - - - 
3 5.0 20.6 - - - 
5 igre a aR - - ~ 
10 4.9 27 86 - - ~ 


Bhs: 00 Sis. = = - 
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TABLE 2 


Zooplankton Species Collected in 


the South Beaufort Sea in July 1973 


= LOO 


Table 2 


Numbers per m>, at stations 
526 ozi, 528 oeo 530 Dice 552 


Species Depth (m) 5-0 4-0 6-0 10-0 8-0 14-0 34-0 


Hydrozoa 


Sarsia princeps a5 
Halitholus cirratus 2 

Euphysa flammea 

Obelia sp. 4 
Aglantha digitale 
Aeginopsis laurenti ul 
Dimophyes arctica 


\o 


Mollusca 
Spiratella helicina 4 
Annelida 
Polychaete larvae 4 8 96 


Branchiopoda 
Daphnia sp. 


Copepoda 


Acartia clausi 23 a8 4 2 
A. longiremis 
Derjuginia tolli a 
Calanus glacialis 16 
C. hyperboreus 3 
Limnocalanus macrurus 56 1091 4484 140 Ny oS 
Diaptomus sp. 

Euchaeta glacialis 

Metridia longa 8 
Microcalanus pygmaeus 

Pseudocalanus minutus 6 10 ae Za3 
Epischura sp. 

Eurytemora herdmani 5803 426 27 15 10 
Ectinosoma sp. 

Cyclops sp. 20226 845 23 10 ue 
Cyclopina sp. 4 

Oithona similis 1 189 
Oncaea borealis 41 
Copepod nauplii 23493 599 47 79 963 TLGe =22ik) 


ine) 
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Table 2 (cont'd) 


Numbers per m3, at stations 
526 Bey 528 529 530 531 532 


Species Depth (m) 5-0 4-0 6-0 10-0 8-0 14-0 34-0 


Cirripedia 
Balanus sp. is 


Mysidacea 
My sis sp’. 8 14 


Cumacea 


Diastylis sp. ial. Z Z 


Amphipoda 


Pseudalibrotus glacialis 

Monoclodes sp. 49 2 4 
Hyperia galba a 
voles medusarum 

Parathemisto abyssorum 

Pe Libellula 


Euphausiacea 


Thysanoessa raschi 


Decapoda 


Sabinea sp. 


Chaetognatha 


Eukrohnia hamata 


Sagitta elegans Re 
Copelata 

Fritillaria borealis 

Oikopleura vanhoeffeni 38 


tunicate larvae 


= 1170 = 


Table 2) (cont da) 


Numbers per m>, at stations 
55 534 535 536 Bea) 505 540 
Species Depth (m) 40-0 6-0 5-0 8-0 8-0 5-0 4-0 


Hydrozoa 


Sarsia princeps 

Halitholus cirratus 

Euphysa flammea 

Obelia sp. 

Aglantha digitale 5) 

Aeginopsis laurenti 

Dimophyes arctica 4 


Mollusca 


Spiratella helicina 


Annelida 


polychaete larvae ry 


Branchiopoda 
Daphnia sp. = 5 64 


Copepoda 


Acartia clausi 

A. longiremis 

Derjuginia tolli 

Calanus glacialis 14 

C. hyperboreus 13 

Limnocalanus macrurus 825 736 655° 1186 V2 8 
Diaptomus sp. ig 
Euchaeta glacialis 

Metridia longa 1 

Microcalanus pygmaeus 

Pseudocalanus minutus 22 28 

Epischura sp. 6 16 
Eurytemora herdmani 6 100 
Ectinosoma sp. 4 

Cyclops sp. 24 28 54 345 Cpa 
Cyclopina sp. 

Oithona similis LL 

Oncaea borealis 100 

copepod nauplii 1105 118 32 229° 1021 


ae Oe 


Table >2 (Contd) 


Numbers per m>, at stations 
533 534 535 536 Bo7 538 540 


Cirripedia 


Balanus sp. 


Mysidacea 
Mysis sp. 9 3 5 18 6 4 


Cumacca 


Diastylis sp. 


Amphipoda 


Pseudalibrotus glacialis 

Monoculodes sp. 3 
Hyperia galba 

le medusarum 

Parathemisto abyssorum 

P.. libellula 


Euphausiacea 


Thysanoessa raschi 


Decapoda 


Sabinea sp. 


Chaetognatha 


Eukrohnia hamata 
Sagitta elegans 


Copelata 

Fritillaria borealis 
Oikopleura vanhoeffeni 
tunicate larvae 


See OS 


Table. 2 (Conted) 


Numbers per n>, at stations 
541 541 542 542 542 542 


Species Depth (m) 30-10 10-0 90-75 75-50 50-10 10-0 


Hydrozoa 


Sarsia princeps 
Halitholus cirratus 
Euphysa flammea 
Obelia sp. 

Aglantha digitale 
Aeginopsis laurenti 
Dimophyes arctica 


Mollusca 


Spiratella helicina 


Annelida 


polychaete larvae 


Branchiopoda 
Daphnia sp. 


Copepoda 


Acartia clausi 

NG longiremis 
Derjuginia toll1 
Calanus glacialis 

Cr hyperboreus 
Limnocalanus macrurus 
Diaptomus sp. 
Euchaeta glacialis 
Metridia longa 
Microcalanus pygmaeus 
Pseudocalanus minutus 
Epischura sp. 
Eurytemora herdmani 
Ectinosoma sp. 
Cyclops sp. 

Cyclopina sp. 

Oithona similis 
Oncaea borealis 
copepod nauplii 
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28 28 35 85 
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12 14 
17 42 143 34 56 
693 692 
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98 14 19° SI35% [181 28 
194 34 19 «155 
14 14 
14 75 27 7 28 
38 
14 7 
411 = 183 87 282 28 
239 42 1620226 14 
6875 6393 1453 8600 
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Table 2 (Cont'd) 


Numbers per m>, at stations 
541 541 542 542 542 542 


Species Depth (m) 30-10 10-0 90-75 75-50 50-10 10-0 


Cirripedia 


Balanus sp. 


Mysidacea 


Mysis sp. 


Cumacca 


Diastylis sp. 


Amphipoda 


Pseudalibrotus glacialis 


Monoculodes sp. 
Hyperia galba 
H 


medusarum 
Parathemisto abyssorum 
P libellula 


Euphausiacea 


Thysanoessa raschi 


Decopoda 
Sabinea sp. 


Chaetognatha 


Eukrohnia hamata 
Sagitta elegans 


Copelata 


Fritillaria borealis 
Oikopleura vanhoeffeni 
tunicate larvae 


56 40 32 14 
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SUMMARY 


Microbiological samplings were conducted during 
a cruise on the South Beaufort Sea in July, 1973. Total 
viable counts on marine and freshwater cultivation media 
were made to provide an estimate of the distribution and 
abundance of heterotrophic bacteria in the waters sampled. 
A large biomass of freshwater bacteria was found to be 
discharged into the Beaufort Sea from the Mackenzie River, 
but this biomass did not appear to persist in the marine 
waters. A relatively uniform abundance of marine bac- 
teria was found in the areas sampled. Preliminary 
studies suggest that this flora is similar to the flora 
observed in the Eskimo Lakes. 
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INTRODUCTION 


A microbiological Sampling Of the South Beaufort 

Sea was conducted during the last pant of wuly, 429737 as 
part of the oceanographic cruise described in Part a of 
this report, on the vessel, "North Star of Herschel 
Island", At designated stations, where plankton collec- 
tions were made and water samples taken for chemical 

and physical data, water from similar depths in the 

water columns was processed for microbiological examina- 
tion. The objectives of this aspect of the cruise were 
COs 


1. obtain estimates of the viable heterotrophic popu- 
lations ‘of bacteria in the South Beaufort Sea; 


2. determine the influence of the freshwater flow of 
the Mackenzie River into the South Beaufort Sea on 
the distribution of heterotrophic populations of 
bacteria; 


3. compare microbial populations of the South Beaufort 
Sea with more intensively studied populations in 
the Eskimo Lakes, an inlet of the South ‘Beaufort 
Sed. 


Bacterial heterotrophs and fungi are the only 
known forms of organisms involved in the biological 
degradation of petroleum and petroleum products in 
natural waters. A study of bacterial distribution 
waS a prerequisite to assessing the fate of residual 
petroleum in the South Beaufort Sea. 


CURRENT STATE OF KNOWLEDGE 


Prior to the cruise undertaken this summer, 
no information concerning the microbial /flora ef the 
South Beaufort Sea was available. Kriss (1963) des- 
Cribed the quantitative distribution of heterotrophic 
bacteria in the North Beaufort Sea from spatial and 
seasonal samplings conducted from floating ice stations 
in 1955-56. Although a limited number of bacteria were 
found in water columns during July and September, no 
bacteria were recovered in the months of April or May 
and led Kriss to conclude that microbial activity occurred 


eye = 


only during the period of intense light in the summer 
months. The techniques employed to obtain this informa- 
tion, however, did not discern the DSYChrophs 1A'c wor 
cold-loving, populations of cells in these waters and 
the described data does not represent a true estimate 

of the microbial flora. More recently, a report by 
Robertson et al. -(1973) of sampdingsy in theswaters adja- 
centeaco, Point (Barrow, Alaska, indicated "the existence 

Of Paghecterocrophicet lora,, but latawlow: leve lwo meet inaty < 
In view of the limited knowledge of the microbiology of 
the Beaufort Sea, the present study was initiated. 


METHODS AND SOURCES OF DATA 


Pee SOLAN Or Cruse 


The details of the cruise schedule, together 
with methods employed to determine physical and chemi- 
cal parameters of water samples, are presented in Part 
a of this report. 
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2. Culture media 


To enhance the multiplication and colony- 
formation of marine bacteria, ZoBell Marine Broth 
2216E (Difco), containing a, formulation) of) seawater 
salts, was prepared with deionized water as an agar 
medium. A freshwater or terrestrial cultivation medium 
consisting of Plate Count Agar (Difco) was also prepared 
with deionized water. Both media were dispensed in 
Petri plates (100 mm dia.) at microbiological facilities 
Of the Arctic: Biological. Station in, tnuvaie, NeW. eres 
pared plates were taken on board the cruise vessel at 
Tnuvik and stored at 5.0°C until vequieed: 


BL Sole Ling procedure 


During the occupation of a station, water 
samples were taken aseptically with Niskin SS 1.5 
sterile bag-samplers at various depths of the water 
column prior to disturbances of the water column by 


other oceanographic samplings. These samples were 
kept chilled and processed within one half hour of 
removal from the water column. A spin-plate technique 


was employed to dispense 0.1 ml of water sample with a 
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cold 029ml pipette on. thersurtace "on fa scoldvadar place 
which was then placed in a 5.0°C refrigerator. Upon 
absorption of the aliquot of water by the agar medium, 
the plate was inverted and incubation was continued at 
5.0°C. Quadruplicate spin-plates were made of each 
sample on both plating media. At the termination of 

the cruise, plates were transferred in a chilled con- 
dition to the laboratory in Inuvik and incubation was 
continued to completion at three weeks. At that time, 
the plates were examined and those with an uneven distri- 
bution of colonies were discarded. The colonies of 

three plates of a replicate set were enumerated, averaged, 
and the mean value was expressed as the log number of 
colony-forming units (C.F.U.) per one litre of water 
sample. 


RESULTS 


In the past experience of this laboratory, 
the plating media employed in this study have been the 
most successful media in the cultivation of hetero- 
trophic organisms from estuarine and marine waters. 
Although the counts obtained may not represent the total 
heterotrophic population, but rather those colony-forming 
unilts i,e. cells or clumps ef cells, capable oD celony 
formation on the media employed, no other media have been 
found by this: Laboratory “to, yreld a higher count. “Indi-— 
genous marine bacteria were defined in this study as 
cells which required seawater for their cultivation. 
This population of heterotrophic bacteria was represented 
by the counts obtained on ZoBell Marine Medium. 


In the absence of a salt water formulation, 
the colonies cultivated on Plate Count Agar (PCA) were 
considered to be representative of the freshwater or 
terrestrial flora of bacteria present in the estuarine 
areas sampled. 


The counts obtained on ZoBell Marine Medium 
and PCA were compared and related to the salinity values 
obtained at various depths of the stations occupied 
(see Part a of this report). The results obtained in 
four transects of the cruise are seen in Figures 1 to 4. 
Mean values and standard deviations of plate counts at 
each station are presented in the appendix. 
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Stations 527 to 531, (Figure 1) represent a 
transect parallel to the Tuktoyaktuk Peninsula and the 
discharge of the East Channel of the Mackenzie River 
into the Beaufort Sea. Increasing salinity values corres- 
ponded to decreasing counts on PCA as the freshwater influence 
of the Mackenzie channel diminished. The high counts 
obtained on ZoBell plates appeared to demonstrate the 
presence of a marine flora in the mixed marine and fresh- 
water in this region, but the growth of some freshwater 
flora on these plates was not discounted. In the tran- 
sect of Stations 536-540 across the discharge of the 
West Channel of the Mackenzie River into Mackenzie Bay, 
(Fig. 2), the salinity values obtained again corresponded 
to a pattern of counts on the two plating media. The 
depressed counts on ZoBell plates from essentially 
freshwater samplings at Stations 538, 539 and 540 were 
in contrast to the higher counts obtained on PCA and 
the difference in count indicated a population of fresh- 
water microorganisms which were unable to multiply on 
the marine medium. 


In Figures 3 and 4, the results of two tran- 
sects from the coast into the deeper marine waters of 
the Beaufort Sea are demonstrated. With increasing 
Salinity of the water, and decreasing temperatures (see 
data in Part a), the inability of freshwater microorganisms 
to persist and multiply in the marine environment of the 
Beaufort Sea was suggested by the paucity of counts 
obtained on PCA plates prepared from these waters. At 
the same time, the flora cultivated on ZoBell medium 
represented indigenous marine bacteria of the Beaufort 
Sea. 


DISCUSSION 


The results of this study have established a 
total viable count of heterotrophic bacteria in the 
waters of the South Beaufort Sea during July. Although 
sampling techniques and cultivation media vary among 
investigations, the abundance of heterotrophs is com- 
parable to values obtained by investigations of estuaries 
and offshore areas along the New England coast (Kaneko 
and Colwell 1973: Sieburth, 1967; Atlas and Bartha, 
1972). This does not imply, however, that similar vari- 
eties of heterotrophs or similar rates of activity by 
these cells can be demonstrated. Experiments in this 
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Ficure 3. Salinity vrofile and total viable bacterial 


counts of water between Stations 541 and 542. See legend 
to Freure: i; 
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STATION no. 
531 943a 943 b 932 533 


ZOBELL (log CFU/1.) 
[_] PCA (log CFU/1.) 


Figure 4. Salinity profile and total viable bacterial counts of water between 
Stations 531 and 533. See legend to Figure 1. 
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laboratory suggest that a majority of heterotrophs iso- 
lated from Arctic marine waters are obligately psychro- 
philic in all seasons (data not reported), a situation 
not found in warmer latitudes. 


The data suggest that the discharge of the 
Mackenzie River into the Beaufort indeed contains a 
large biomass of freshwater heterotrophs. These cells, 
however, were not observed to persist in marine waters. 
Similar observations in estuarine environments have been 
reported by Jones (1971). The counts of marine flora 
were found to be high in the areas of mixed water and may 
have contained freshwater flora. However, the river 
discharge was not found to substantially alter the 
counts of marine flora in the areas sampled except at 
Stations 537 to 540 where the lowest salinity values 
were recorded. 


Counts of marine flora from all stations 
except 537 to 540 were characterized by the predominant 
growth of an orange-pigmented colony on the plating 
medium. Similar levels of abundance of this colony 
type on ZoBell marine medium were observed during July, 
1973, from samples obtained in stations on the Eskimo 
Lakes. This type of colony was never observed on plates 
of PCA and work from this laboratory has shown this 
bacterial species to be truly marine in its cultural 
requirements. An assessment of the metabolic charac- 
teristics of this strain and other heterotrophic isolates 
from the Beaufort Sea and Eskimo Lakes is presently 
being conducted, but preliminary data would suggest that 
a relatively homogenous marine flora exists in all 
regions sampled. 


Studies in the Eskimo Lakes in 1973 have demon- 
strated a heterotrophic population capable of degrading 
crude petroleum (see other report in this series by 
Bunch and Harland). It seems probable that a similar 
flora exists in the South Beaufort Sea. Off-shore oil 
spills or petroleum and petroleum products discharged 
from the Mackenzie would probably be subjected to a 
degree of degradation by an indigenous marine flora 
at a rate yet to be determined. The freshwater flora 
in the estuary would probably not participate in an 
oil-degrading or oleoclastic process due to various 
factors in the estuarine environment which would tend 
to inhibit growth and multiplication. 
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CONCLUSIONS 


ine A marine heterotrophic population of bacteria 
has been established to exist at a relatively uniform 
level of abundance in the sampled areas of the South 
Beaufort Sea. 


2 The Mackenzie River contributes a large bio- 
mass of freshwater heterotrophs to the estuarine system 
but this population probably does not persist. 


3% The heterotrophic flora of the South Beaufort 
Sea appears to approximate that found in the Eskimo Lakes 
andvan oleoclastic potential probably exists. “This 
conclusion, however, is tentative and subject to the 
completion of the study. 


IMPLICATIONS AND RECOMMENDATIONS 


Studies undertaken in various marine environ- 
ments have demonstrated the ability of indigenous bacteria 
to degrade crude oil to varying degrees. Attempts have 
been made to extrapolate these studies to conditions in 
thesArctic Ocean (Atlas and Bartha, 1972), but such 
extrapolations are subject to doubt. This study was 
undertaken to determine if the distribution and abundance 
of heterotrophic bacteria in the South Beaufort Sea was 
sufficient to warrant further investigation of the 
oleoclastic potential of these organisms and to ascer- 
tain those areas where future investigations could best 
be accomplished. The results of this and other studies 
in this laboratory tend to suggest the possibility of 
biological degradation of petroleum in Arctic marine 
waters but further studies are required. The persistence 
of petroleum in the ecosystem of the Beaufort Sea cannot 
be ascertained at this time. However, some microbial 
modification of weathered, residual petroleum might be 
expected. 


NEEDS FOR FURTHER STUDY 


To increase knowledge of biological degradation 
of petroleum in the Beaufort ecosystem, further studies 
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are required to: 


1. determine seasonal fluctuations of the biomass of 
heterotrophic bacteria; 


2. attempt to quantitate the abundance of oleoclastic 
heterotrophs; 


3. determine the minimum and optimum temperatures for 
biological degradation by various heterotrophic 
isolates; 


4. devise a procedure for measuring the in situ rate 
of biological degradation of petroleum. 


These studies could best be accomplished by 
two or more cruises similar to the one undertaken last 
year. The data obtained would be supplemented by 
additional laboratory work. 
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APPENDIX 


Plate: counts? obtained) from 024° ml alaquots 
of water samples taken from all stations 
occupied in the South Beaufort Sea during 
July. L973." "inoculated plates of ZoBerl 
Marine Medium 2216E and PCA were incubated 
at 5.0°C for three weeks. “The meaneor the 
counts of three replicate plates is given 
in each case, together with the standard 
deviation and the common logarithm of the 
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